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Report  10830-F-l,  Phase  I 
FOREWORD 


This  report  reviews  the  technical  accomplishments  of  the  ARES  Advanced 
Development  Program,  Contract  AF  04(611)-10830,  from  1  July  1965  through 
27  January  1967.  The  work  during  this  period  was  directed  primarily  toward 
demonstrating  the  feasibility  of  advanced  components  and  subsystems  considered 
critical  to  the  integrated  engine  module  design.  Analysis,  design,  fabrication, 
and  test  activities  are  summarized. 

All  work  was  performanced  by  Liquid  Rocket  Operations  of  Aerojet-General 
Corporation  for  the  Air  Force  Rocket  Propulsion  Laboratory  at  Edwards  Air 
Force  Base,  California.  Mr.  R.  Beichel  is  the  Aerojet  Program  Manager,  and 
Mr.  C.  W.  Hawk  is  the  Air  Force  Program  Manager. 

This  report  has  been  divided  into  three  separate  parts  for  ease  of 
handling. 

This  technical  report  has  been  reviewed  and  is  approved. 


C.  W.  Hawk 

USAF  Pregram  Manager 
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UNCLASSIFIED  ABSTRACT 


(U)  This  report  summarizes  the  Phase  I  work  on  Contract  AF  0U(6ll)-10830 
through  27  January  1967. 

(U)  The  objective  of  the  program  was  to  demonstrate  in  two  phases  the  engi¬ 
neering  practicality  and  performance  characteristics  of  a  high  chamber  pressure, 
staged  combustion  engine  module.  Before  the  complete  engine  can  be  assembled 
and  tested  in  Phase  II,  a  Phase  I  effort  must  demonstrate  the  feasibility  of 
several  features  considered  critical  to  the  engine  design. 

(U)  The  Phase  I  program  to  date  has  accomplished  the  following: 

a.  Established  master  layouts  for  both  an  advanced  engine  design 
and  for  a  relatively  more  conservative  back-up  version  of  the  engine. 

b.  Established  a  master  layout  for  a  very  large  thrust  propulsion 
system  utilizing  20  engine  modules  in  a  cluster,  with  all  modules  exhausting 
into  a  single  large  forced  deflection  nozzle. 

c.  Detail  designed  all  the  engine  components. 

d.  Demonstrated  a  successful  primary  injector  and  combustion  chamber 
for  production  of  the  turbine  drive  gas. 

e.  Demonstrated  transpiration  cooled  chambers  that  can  apparently 
meet  contractual  performance  goals  when  a  suitable  secondary  injector  is 
evolved . 


f.  Demonstrated  the  feasibility  of  lubricating  turbopump  bearings 
with  the  storable  propellants  used  in  the  engine. 
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g.  Demonstrated  pump  wear  ring  designs  that  permit  operation  at  very 
close  clearance  with  little  or  no  explosion  hazard  from  pump  rub. 

h.  Demonstrated  the  suitability  of  hig/  pressure  multiple  purpose 
housings  for  the  turbopump  and  primary  combustion  chamber  assembly. 

i.  Developed  and  demonstrated  satisfactory  propellant  flow  control 
components  for  the  full-scale  engine. 

j.  Completed  several  supporting  studies  that  provide  additional 
design  criteria  in  such  areas  as  nozzle  Aerodynamics,  low  frequency  stability, 
fluid  flow  characteristic  of  propellant  and  turbine  drive-gas  passage,  and 
design  changes  required  for  conversion  to  advanced  storable  propellants. 

(U)  Remaining  Phase  I  technical  goals  are  conclusion  of  60  sec  of  simulated 
engine  operation  with  the  hydrostatic  combustion  seal,  and  thr^e  20-sec  firings 
of  a  cooled  combustion  chamber  at  contractually  required  specific  impulse  or 
higher.  The  current  effort  to  achieve  a  high  performance,  streak  free  secon¬ 
dary  injector  must  be  completed  before  the  cooled  thrust  chamber  demonstration 
can  take  place. 


iv 


UNCLASSIFIED 


I  UNCLASSIFIED 


Report  10830-F-l,  Phase  I 
TABLE  OF  CONTENTS 


i 

Part  1 

Page 

IT  *• 

Introduction 

1-1 

l  ii. 

Summary 

II-l 

A.  Engine  and  Propulsion  System  Design 

II-l 

E 

B.  Turbopump  Assembly 

II-l 

C.  Thrust  Chamber  Assembly 

1 1-8 

[ 

D.  Controls 

11-16 

a* 

E.  Supporting  Studies 

11-18 

r  hi. 

Module 

III-l 

L 

A.  Objective  and  Approach 

III-l 

n 

B.  Propulsion  System 

III-5 

2  . 

Li 

C.  Engine  Module,  Advanced  Turbopump 

III-8 

D.  Engine  Module,  Conservative  Turbopump 

III-15 

I  IV. 

*►* 

Turbopump  Assembly 

IV-1 

A.  Summary 

IV-1 

[ 

B.  T-Design  Turbopump 

IV- 7 

C.  Engine  Housing,  T-Conf iguration 

IV- 41 

r* 

D .  Backup  Turbopump 

IV- 7  9 

hi 

E.  Engine  Housing,  Inline  Configuration 

IV-112 

*  * 

t 

F.  Boost  Pump 

IV-124 

* 

V 

G.  Propellant-Lubricated  Bearings 

IV- 13 6 

r 

H.  Pump  Wear  Rings 

IV-158 

L 

w 

I.  Combustion  Seal 

IV-183 

J.  Purge  Seal 

IV-204 

i 

m 

Part  2 

I 

Primary  Combustor  Assembly 

V-i 

A.  Objective 

V-l 

I 

B .  Summary 

V-l 

1 

C.  Component  Design 

V-2 

I 

D.  Development  Testing 

V 

V-7 

|  UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 

TABLE  OF  CONTENTS  (cont.) 

Part  2  (cont.) 

Page 

VI. 

Secondary  Combustion  Program 

VI-1 

A. 

ICP  Residual  Hardware  Program 

VI-1 

B. 

Modular  Secondary  Injector  Program 

VI-25 

C. 

Modular-Cooled  Chamber  Program 

VI-52 

D. 

Uncooled  Two-Dimensional  Nozzle  Program 

VI-116 

VII. 

Controls 

VII-1 

A. 

Introduction 

VII-1 

3. 

Suction  Valve 

VII-2 

C. 

Fuel  Controls 

VII-15 

D. 

Suction  and  Feed  Lines 

VII-2 9 

\ 

'e. 

Conclusions 

VII-31 

VIII. 

Supporting  Studies 

VIII-1 

A. 

Module  Fluid  Dynamic  Testing 

VIII-1 

B. 

Subscale  Nozzle  Program 

VIII-1 1 

C. 

Advanced  Propellants 

VIII-29 

D. 

Analytical  Models 

VI 1 1-32 

E. 

Reliability 

VIII-47 

Part  3  (APPENDIXES) 

Appendix 

ARES  Engine 

Handbook 

I 

Suction  Valve  Storage  Seal  and  Cutter  Development  II 

Advanced  Propellants  III 


vi 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 

TABLE  LIST 

Table 

Test  Requirements  and  Results  of  the  Suction  Valve  VII-1 

FIGURE  LIST 

Figure 

Propulsion  System,  20-Module  Forced  Deflection  Nozzle  III-l 

Advanced  Storable  Engine — Demonstrator  III-2 

.ARES  Module  Subassembly  III-3 

ARES  Module,  External  View  III-4 

ARES  System  Staged  Combustion  Cycle  III-5 

"C"  Design  TPA  Layout  IV-] 

Oxidizer  Pump  Design  Data  IV-2 

Fuel  Pump  Design  Data  IV-3 

TPA  Water  Test  Sequence  IV-4 

Turbine  Design  Data  IV-5 

Air  Test  Turbine  Photos  IV-6 

Turbine  Mod.  I  and  Mod.  II  Configurations  IV-7 

Air  Test  Setup  IV-8 

Turbine  Weight  Flow  &  Effeciency  vs  Pressure  Ratio  IV-9 

Turbine  Efficiency  vs  Pressure  Ratio  and  Speed  IV-10 

Mod.  I  Rotor  Discharge  Survey  IV-11 

Ball  Bearing  Life  vs  Load  IV-12 

Bearing  Thrust  Load  vs  Time  -  Engine  Start  Transient  IV-13 

Roller  Bearing  Life  vs  Misalignment  IV-14 

TrA  Filter  Pressure  Drop  Data  IV-15 

Metal  Model  I  IV-16a 

Metal  Model  II  IV-16b 

Metal  Model  Bearing  Axial  Displacement  IV-16c 

Metal  Model  Diametral  Expansion  IV-16d 

Metal  Model  I  Test  Results  IV-17 

Photo  Elastic  Model  Longitudinal  and  Lateral  Section  IV-18 

Stresses  (Four  Views) 


vii 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 
FIGURE  LIST  (cent.) 

Figuie 

Housing  A  TV-19 

Housing  A  Rib  Pattern  IV- 20 

Housing  A  Eydrctest  Pressure  Zones  IV-21 

Housing  A  Hydrotest  Assembly  IV- 22a 

Stress  at  Test,  View  i;  Pressure  Test,  View  2  IV-22b 

Housing  A  Pressure  and  Thrust  Proof  Test  Results  TV-23 

Vibr  ition  Test  Results  IV-24a 

Vibration  Test  Results  IV-24b 

Two  Walled  Housing  IV'- 25 

Housing  B  TV- 2 6 

Oxidizer  Dome  Parameter  vs  Displacement  17-27 

Housing  C  Rib  Pattern  IV-28 

Configuration  Survey  IV-29 

Pump  Efficiency  vs  Specific  Speed  TV-30 

Turbine  Efficiency  vs  Design  Speed  IV-31 

Inline  TPA  Weight  vs  Design  Speed  IV-32 

Inline  TPA  Cross  Section  IV-33 

Turbine  Cr  ss  Section  IV- 34 

Inline  Turbcpump  (Two  Views)  IV-35 

Inline  Turbopump  Housing  IV-36 

Inline  Turbopump  Housing  Hydrotest  Assembly  IV-37 

Inline  Turbopump  Housing  (Pressure  Zones  and  Test  Setup;  IV-38 

Location  of  Displacement  of  inline  Turbopump  Housing  Bearing,  IV-39 

(Pressure  Diagram  and  Pressure  and  Thrust  Proof  Curves) 

Inline  Turbopump  Housing  Vibration  Test  Results  IV-40 


viii 


UNCLASSIFIED 


MKUtSSRED 

Report  10830-F-l,  Pha?e  I 

FI GORE  LIST  (coot.) 

Boost  Pump  Operation  Requirements 
Oxidizer  Boost  Puap  Layout 
Fuel  Loo st  Puap  Layout 
Oxidiier  Boost  Pusp  Axial  Thrust 

25,000  rp«  Posttest  Bearings  Cages  -  Lubricated 

Suaaary  of  25,000  rpr.  Bearing  Tests  in  N'O^ 

40,000  rpis  Bearing  Tester 
Ball  Bearing  Cage  Designs 
Roller  Bearing  Cage  Designs 

Summary  of  40,000  and  31,250  rp-  Bearing  Tests  ir  N.,0^ 

31,250  rpra  Posttest  Bearings  -  N,0,  Lubricated 

Summary  of  40,000  and  31,25G  rpn  Bearing  Tests  in  AeroZINE  50 

31.^30  rpm  Posttest  Bearir.zs  -  AeroZINE  50  Lubricated 

Test  Data  Plot  -  40,000  rpm  N'  u,  Lubricated  nearing 
Test  1 . 2-03-WAW-0G6B 

40,000  rpn  Post test  Bearings  -  Lubricated 

40,000  rpn  Posttest  Bearings  -  AeroZINE  50  Lubricated 

Wear-Ring  Configurations  Selected  for  Propellant  Testing 

Oxidize*—  Pump  Efficiency  Loss  as  a  Function  of  Wear-Ring 
Radial  Clearance 

Retention  Mechanisms  for  Straight -Labyrinth  Inert  Inserts 
Design  Parameters  of  the  Hydrostatic  Face  Wear-Ring  Seal 
Design  Parameters  of  the  Hydrostatic  Journal  Wear-Rinc  S^al 
Wear-Ring  Tester 

Typical  Wear-Ring  Test  Installation  and  Nomenclature 

N^O^  Wear-Ring  Test  Summary  —  Hydrostatic  Fece  Seal  and 
Vespel  SP-2J  Labyrinth  Insert 

AeroZINE  50  Wear-Ring  list  Surranary-Kynar  and  Kel-f  Lab> ninth 
Inserts 

Water-Flow  Data  from  Nonrotating  and  Rotating  Straight- 
Labyrinth  Tests 

Stepped-Labyrinth  Water^Fl  w  D ota 

Water  and  Flow  Data  for  Hydrostatic  Facr  Seal  with 

Correlation  with  Estimated  Flows 

ix 


Figure 

IV-41 

IV— 42 

IV-43 

IV-44 

IV-45 

IV-46 

1V-47 

IV-48 

IV-49 

IV-50 

IV-51 

IV-52 

IV-53 

IV-54 

IV-55 

IV-56 

IV-57 

IV-58 

IV-59 

IV-60 

IV-61 

IV-62 

IV-63 

IV-64 

IV-65 

IV-66 

IV-67 

IV-68 


UNCLASSIFIED 


UNCLASSIFIED 


Keoort  10830-F-l,  Fhuc  I 

FIGURE  LIST  (cont.) 

Figure 

Post-Test  Photograph  of  Hydrostatic  Journal  Seal  and  IV-69 

Utter-Teat  Data 

Water-Flow  Data  for  Hydrostatic  Journal  Seal  Correlated  with  IV-70 

Estimated  Flows 

Stiffness  and  Clearance  of  Hydrostatic  Face  Seal  as  a  IV- 71 

Faction  of  Impeller  Angular  Deflections 

Combustion  Concept  of  Seal  IV- 7 2 

Bellow  Stresses  Under  Operative  Condition  IV- 7 3 

2-D  Seal  Tester  and  Flow  Diagram  IV-74a 

2-D  Test  Segment  IV-74b 

2-D  Test  Suimary  IV-75 

2-D  Test  Data  —  Test  030  IV-76 

Flow  Diagram,  Hot  Tests  IV-77 

Cold  Rotating  Test  Summary  IV-78 

Start  Transient  Simulation  IV-79 

Data  Plots  Test  14  1V-80 

Hydrostatic  Combustion  Seal  in  Tester  IV-81 

Hot  Testing  Test  Summary  IV-82 

Post-Test  Photograph  of  Seal  Test  14  IV-83 

Purge  Seal  in  ARES  TPA  IV-84 

ARES  Purge  Seal  Flowrate  &  Temperature  Rise  vs  Viscosity  IV-85 

(changed) 

Purge  Fluid  Viscosity  vs  Pressure  IV-86 

Purge  Seal  in  Tester  IV-87 

Flow  Diagram  IV-88 

Test  Summary  IV-89 

Purge  Seal  Test  Data  (added)  IV-90 

Final  Configuration  of  the  Prime cy  Combustor  V-l 

Work  Statement  Requirement  and  Experimental  Test  Results  V-2 

Primary  Combustor  Components  V-3 

Full-flow  and  Qvadlet  Injectors  V-4 

Pentad  Injector  V-5 

Primary  Combustor  Housing  and  Combustion  Chamber  Liner  V-6 

x 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-?-!,  Phase  I 


FIGURE  LIST  (cont.) 

Primary  Combustor  Burnoff  Stack  Duct  and  Injector 
Test  Configuration  and  Data  Siouary 
Primary  Combustor  Test  Setup 

Typical  Oscillograph,  Start  Transient  and  Steady  State 

Quadlet  Injector  and  Liner  Vane  Assembly  Posttest 

1.2- 04-WAC-CCC 

Turbulator  Sing,  Vane  Assembly  Pretest  1.2-04-WAG-008 

Chamber  Pressure  Oscillation  Characteristic 

1 . 2- 03-WAG-007 ,  -008,  -009,  -010 

Injector  and  Turbulator  Vane  Assembly  Posttest 
t . 2-04-WAG-010 

Quadlet  Injector  Posttest  1. 2-04-WAG-012 
Canted  Blade  Turbulators 

Full  Flow  Injector-Turbulator  Vane  Assembly  Posttest 
1  1-04-WAG-017 

Quadlet  Injector  Postcest  1.2-04-WAG-018 

Turbulator- oolid  Triangular  Inner  Ring,  Notched  Triangular 
Outer  Ring 

Combustion  Loss  Versus  Chamber  L* 

Film  Cooling  Performance  Degradation  Versus  Film  Coolant  Flow 

Mark  32  Secondary  Injector 

Mark  125  Secondary  Injector 

Mark  20  Primary  Injector 

Uncooled  Ablative  Chambers,  20  and  45  L* 

Photograph  of  Regenerative  Chamber  Installed  on  Test  Stand  H-2 
Capillary  Tube  Chamber 

Hydraulic  Test  of  Regenerative  Chamber  SN  R-6 
Multiple  Orifice  Film  Coolant  Ring 
Multiple  Tube  Film  Coolant  Ring 
Pump-Fead  staged-Combustion  Test  Engine 
Intensi  System  Schematic  With  Sector  Engine 
ICP  Residual  Hardware  Program  Performance  Summary 


Figure 

V-7 

V-8 

V-9 

V-10 

V-ll 

V-12 

V-13 

V-14 

V-15 

V-16 

V-17 

V-18 

V-19 

VI-1 

VI-2 

VI-3 

VI-4 

VI- 5 

VI- 6 

VI-7 

Vl-8 

VI-9 

VI- 10 

VI-11 

VI-12 

VI-13 

VI- 14 


xi 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830- F-l,  Phase  I 
FIGURE  LIST  (cont.) 

•igure 

Postflre  Condition  Mark  32  Injector  VI-15 

Post fire  Condition  Mark  125  Injector  VI-16 

Injector  Chamber  Configuration  L*  Evaluation  Series  VI-17 

Prefire  Photograph  of  Film  Coolant  Ring  -  Looking  Upstream  VI-18 

Through  the  Nozzle  Throat 

Postfire  Photographs  of  SN4  Regenerative  Test  VI-19 

Thermocouple  Data  from  ICP  Film-Cooled,  Ablative  VI-20 

Chamber  Tests  (Test  Series  1.2-07-WAM) 

Test  Parameters  for  ICP  Chamber  Tests  VI-21 

Chamber  Wall  Temperatures  for  Test  1.2-07-WAM-009  VI-22 

Chamber  Wall  Temperatures  for  Test  1. 2-07-WAM-010  VI-23 

Chamber  Wall  Temperatures  for  Test  1 .2-07-WAM-011  VI-24 

Regenerative  Coolant  Bulk  Temperature,  Test  1. 2-08-WAM-002  VI-25 

Regenerative  Coolant  Bulk  Temperature,  Test  1. 2-08-WAM-003  VI-26 

Modular  Configuration — Mark  125  Injector  VI-27 

Turbopump- Injector-Cooled  Chamber  Interface  VI-28 

Fuel  Swirl  Rake  Injector  VI-29 

Uncooled  Ablative  Thrust  Chambers  of  Different  L*'s  VL-30 

Hm-ooied  rust  nimented  Thrust  Chamber  Schematic  VI-31 

Test  Stand  Adapter  VI-32 

Modular  Secondary  Injector  Performance  Summary  VI-33 

Typical  Oscillograph,  Secondary  Injector  Test  VI-34 

In  jec to  '•-Chamber  Interface  Development  VI-31 

Mixture  Ratio  Distribution  Effects  VI-36 

Effect  of  Characteristic  Length  on  Combustion  Loss  VI-37 

Mark  J25  Injector  Vanes  VI- 38 

Mark  J25  Secondary  Injector  Performance  Certification  VI-39 

Effects  of  Oxidizer  Film  Coolant  on  tne  Performance  of  VI-40 

the  ARES  Thrust  Chamber 

Modified  Rake  fnjector  VI--41 

Thermocouple  Data  for  Tesc  Nc .  1. 2-11-WAM-018  VI-42 

Thermocouple  Data  for  Test  No.  1. 2-11-WAM-019  VI-43 

xii 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 
FIGURE  LIST  (cont. ) 

Film  Temperatures  for  Test  No.  1.2-11-WAM-018 

Cooled  Chamber  Predicted  Temperatures 

Regeneratively  Cooled  Combustion  Chamber 

Regeneratively  Cooled  Combustion  Chamber 

Flow  Characteristics  of  Capillary  Regenerative  Chambers 

Flow  Characteristics  of  Noncapillary  Regenerative  Chambers 

Capillary  Tube  Installation 

Total  Pressure  Distribution  for  ARES  Regenerative  Chambers 

Regenerative  Coolant  Capability 

ARES  Chamber  Heat  Lead 

ARES  Chamber  Wall  Temperatures 

Film  Cooling  Requirements  for  ARES  Chambers 

Pei formance  Potential  in  ARES  Chambers 

Uncoated  0.040-in.  Capillary  Tube  Heat  Flux  Capability 

Uncoatad  0.045-in.  Capillary  Tube  Heat  Flux  Capability 

Uncoated  0.050-in.  Capillary  Tube  Heat  Flux  Capability 

Typical  Inconel  718  Tubing  Defect 

Typical  Inconel  718  Tubing  Defect 

Selection  of  Transpiration  Chamber  Wall  Material 

Transpiration  Cooled  Combustion  Chamber 

Transpiration  Cooled  Combustion  Chamber 

Layout  of  Transpiration  Cooled  Chamber 

Sectional  Washer  Pairs  for  Transpiration  Chambers 

Summary  of  ARES  Transpiration  Cooled  Chamber  Assembly 
(Flow  Rates.  Supply  Pressure  and  Wall  Temperatures) 

Advanced  Thermal  Model 

Transpiration  Coolant  Flow  Rates  vs  Axial  Distance 
(I500°F  Wall) 

Throat  Wall  and  Coolant  Temperatures  vs  Transpiration 
Coolant  Flow  Rates 

Transpiration  Coolant  Flow  Rates  vs  Axial  Distance 
(1900°F  Wall) 


Figure 

VI-44 
VI-1+5 
Vi-46 
VI-47 
VI-1+8 
VI-1+9 
VI-50 
VT-51 
VI-52 
VI-53 
VI-54 
VI-55 
VI-56 
VI-57 
VI-58 
VI-59 
VI-60 
VI-61 
VI-62 
VI-63 
VI-64 
VI -6  5 
VI-66 
VI-67 

VI-68 

VI-69 


VI-70 


VI-71 


xiii 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 
FIGURE  LIST  (cont.) 

Figure 

Transpiration  Chamber  Wall  Temperatures  vs  Coolant  Flow  VI-72 

Rate  (Compartment  1-4) 

Transpiration  Chamber  Wall  Temperatures  vs  Coolant  Flow  VI-73 

Rate  (Compartment  5-7) 

Transpiration  Chamber  Wall  Temperatures  vs  Coolant  Flow  VI-74 

Rate  (Compartment  8-10 ) 

Transpiration  Chamber  Wall  Temperatures  vs  Coolant  Flow  VI-75 

Rate  (Compartment  11  and  12) 

Radial  Weill  Temperature  Distribution  in  ARES  Transpiration  VI-76 

Cooled  Chamber 

Radial  Wall  Temperature  Distribution  in  ARES  Transpiration  VI-77 

Cooled  Chamber 

Transpiration  Chamber  Flow  Data  Summary  (Chamber  SN  001)  VI-78 

Transpiration  Chamber  Flow  Data  Summary  (Chamber  SN  002)  VI-79 

Transpiration  Chamber  Test  Data  and  Performance  Summary  VI-80 

Transpiration  Cooled  Chamber  Intunsif'ier  Fed  Test  Schematic  VI-81 

Transpiration  Chamber  Postfire  Conditions  (Test  1 . 2-12-WAM-002 )  VI-82 

Transpiration  Chamber  Postfire  Conditions  (Test  1.2-12-WAM-012)  VI-83 

Transpiration  Chamber  Postfire  Conditions  (Test  1.2-12-WAM-024)  VI-84 

Transpiration  Chamber  Postfire  Conditions  (Test  1.2-12-WAM-030)  VI-85 

Regenerative  Chamber  Postfire  Conditions  (Test  1.2-14-WAM-002)  VI-86 

Regenerative  Chamber  Postfire  Conditions  (Test  1.2-14-WAM-G05)  VI-67 

Predicted  ARES  Performance  VI-88 

Percent  Film  Coolant  Loss  vs  Percent  Coolant  Flow  VI-89 

(Test  Series  1.2-12-WAM) 

Injector-Chamber  Configuration  for  Transpiration  Chamber  VI-90 

SN-00L  (Test  Series  1.2-12-WAM) 

Injector- Chamber  Configuration  for  Transpiration  Chamber  VI-91 

SN-002  (Test  Series  1.2-12-WAM) 

Regenerative  Chair  er  Test  Data  and  Performance  Summary  VI-92 

Transpiration  Chamber  SN  001  Temperature  Summary  VI-93 

Transpiration  Chamber  SN  002  Temperature  Summary  VI-94 

Transpiration  Chamber  SN  002  Surface  'T'emperatures  VI-95 

(Tests  1.2-12-WAM-016  to  018) 


xiv 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 
FIGURE  LIST  (cont.) 

Figure 

Measured  and  Predicted  Temperatures  for  Test  1.2-12-WAM-016  VI-96 

Measured  and  Predicted  Temperatures  for  Test  1 . 2-12-WAM-017  VI-97 

Measured  and  Predicted  Temperatures  for  Test  1.2-12-WAM-018  VI-98 

Plasma  Thermal  Shock/ Oxidation  Test  Results  VI-99 

Shroud  Types  VI-100 

Brazed  Bonded  laminated  Tungsten  Cermet  Thermal  Barrier  VI-101 

Brazed  Bonding  Microstructure  VI-102 

Transpiration  Laboratory  Program,  Subscale  Washers  VI-103 

Photograph  of  Transparent  Scale  Model  Simulating  Diffusion  VI-10U 

Area 

Two-Dimensional  Nozzle  Design  VI-105 

Two-Dimensional  Nozzle  Assembly  VI-106 

Chamber-Nozzle  Instrumentation  Schematic  VI-107 

Test  Data  Summary  VI-103 

Condition  of  Nozzle  after  Test  1.2-11-WAM-025  VI-109 

Nozzle  Temperature  Data,  Test  1.2-11-WAM-023  VI-110 

Nozzle  Temperature  Data,  Test  1. 2-11-WAM-025  VI-111 

Suction  Valve  Configuration  VII-1 

Electron  Beam  Welding  Parameters  VII-2 

PCFCV  Flow  Characteristics  VII-3 

PCFCV  Control  Port  Configurations  VII-1 

SCFCV  Flow  Characteristics  VII-5 

SCFCV  Exploded  View  VI 1-6 

Suction  Valve  Selective  Control  Circuit  VII-7 

Fuel  Valve  Servo  Controller  (schematic)  VII-8 

Air  Test  Facility  Schematic  VIII-1 

Oxidizer  Discharge  Model  VTII-2 

Oxidizer  Discharge  Housing  Rib  Pattern  VIII-3 

Pressure  Drop  Parameter  vs  Hole  Number  VIII-1 

Flow  Distribution  Parameter  vs  Hole  Number  VIII-5 

Oxidizer  Return  Housing  Rib  Pattern  VI I 1-6 

xv 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 
FIGURE  LIST  (cont.) 


Pressure  Drop  Parameter  vs  Inlet  Hole  Number 

Flow  Distribution  Parameter  vs  Injector  Hole  Number 

Turbine  Inlet  Model 

Instrumentation  Planes 

Turbine  Inlet  Passage 

Flow  Pitch  Angle  at  Turbine  Inlet 

Total  Pressure  Distribution  at  Turbine  Inlet 

Turbine  Exhaust  Model 

Flow  Distribution  Concepts 

Flow  Distribution 

Nozzle  Performance  Program  Summary 

Nozzle  Design  Parameters 

Nozzle  Performance  Models 

Subscale  Nozzle  Performance 

Full-scale  Nozzle  Performance 

Ambient  Base  Bleed  Effects 

IES  Area  Ratio  Effects 

Module  Skirt  Merging  Angle  Effects 

Skirt  Length  Effects 

Module  Cant  Angle  Effects 

Module-Out  Effects  on  Performance 

Module-Out  Effects  on  Thrust  Vector  An^le 

Engine  Throttling  by  Module  Shutdown 

Model  2-D 

Heat  Transfer  Test  Conditions 

Model  2-D  Shadowgraphs 

Model  2-D  Heat  Transfer  Coefficients 

Heat  Transfer  Model  la,  Skirt 

Heat  Transfer  Model  la,  Heat  Shield 

Heat  Transfer  Model  2 


Figure 

VIII-7 

VIII-8 

VIII-9 

VIII-10 

VIII-11 

VIII-12 

VIII-13 

V1II-14 

VIII-15 

VIII-16 

VIII-17 

VIII-18 

V1II-19 

VIII-20 

VIII-21 

VIII-22 

VIII-23 

VIII-24 

VIII-25 

VIII-26 

VIII-27 

VIII-28 

VIII-29 

VIII-30 

VIII-31 

VIII-32 

VIII-33 

VIII-34 

VIII-35 

VIII-36 


xvi 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830- F-l,  Phase  I 


FIGURE  LIST  (cont.) 

Time  from  Initial  Valve  Motion  to  Partial 
Outflow  from  Injector  Manifold 

Engine  Model  Flow  Chart 


Figure 

VIII-37 

VIII-38 


xvii 


UNCLASSIFIED 


K# -*-**'. »*<«***r  M * -5<»^-*rs3s**r-  >  '  iv  .  '  --W,  ^  ---  »  *  j»  r-"  *  *  •  --  A«.  »«fc  MS  <  *  r 


I  m  a  ai 


Report  10830-F-l,  Phase  I 


I. 

INTRODUCTION 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 


I.  INTRODUCTION 


(U)  This  report  summarizes  the  technical  accomplishments  of  the  first  19 
months  of  Contract  A*’  04 (611) -10830,  extending  from  1  July  1965  through 
27  January  1967. 

(U)  The  objectives  of  the  program  were  to  demonstrate  within  a  two-phase 
effort  the  engineering  practicalicy  and  performance  characteristics  of  a  high 
chamber  pressure,  staged  combustion  engine  module.  These  demonstration  firings 
will  be  accomplished  during  the  second  phase  with  high-performance  20-sec  fir¬ 
ings  of  a  complete,  full-scale  engine  module.  However,  before  the  complete 
engine  work  can  be  initiated,  Aerojet-General  Corporation  must  demonstrate  in 
Phase  I  the  feasibility  of  several  features  which  are  considered  critical  to 
the  proposed  engine  design.  The  principal  items  in  this  category  are  the  inte¬ 
grated  turbopump  housing,  the  propellant-lubricated  bearings,  the  hydrostatic 
seals,  and  high-performance  20-sec  firings  with  a  cooled  thrust  chamber.  In 
addition,  the  Phase  I  effort  includes  analysis,  design,  and  test  activity  on 
several  other  aspects  of  the  overall  engine  and  of  its  unique  components. 

(U)  All  of  the  work  summarized  in  this  report  was  accomplished  for  the 
Phase  I  objectives. 
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II. 

SUMMARY 

A.  ENGINE  AND  PROPULSION  SYSTEM  DESIGN 

(C)  The  ARES  engine  aodule  raster  layout  and  operating  specifications 

were  prepared  and  continuously  updated  during  the  report  period.  The  basic 
engine  aodule  layout  (Fig-ire  III-2)  is  for  a  100,000-lb-thrust,  turbopump-fed, 
regene. atively  cooled  engine  with  a  nozzle  expansion  ratio  of  20:1  and  a  dry 
weight  of  675  lb.  The  engine  burns  N^O^  and  0.5  N^H^/O.S  UDMH  in  a  staged 
combustion  cyc.e  in  which  all  of  the  oxidizer  and  approximately  18%  of  the 
fuel  art  used  to  produce  the  turbine  drive  gas.  After  turning  the  single¬ 
shaft  turbopump  at  40,000  rpm,  the  drive  gas  is  then  united  in  the  main  com¬ 
bustion  chamber  with  the  balance  of  fuel  and  is  burned  at  2800  psia  chamber 
pressure  with  a  minimum  specific  impulse  (sea  level)  of  285  lb/sec.  Detailed 
engine  operating  specifications  are  listed  in  Appendix  I. 

(U)  The  individual  module  design  has  been  used  to  prepare  a  master  lay¬ 

out  of  a  2-million-lb-thrust  propulsion  system  with  20  individual  modules  ex¬ 
hausting  into  a  common  forced-deflection  nozzle  (Pigure  I1I-1). 

(U)  An  engine  module  layout  was  also  prepared  using  a  relatively  more 

conservative  backup  turbopump  that  operates  at  30,000  rpm  and  is  equipped  with 
a  purge  seal  (Figure  1-9. 1.1-2,  Appendix  I). 

B.  TURBOPUMP  ASSEMBLY 

1.  General 


(C)  The  turbopump  is  designed  to  pro’-ide  high  pressure  fuel  and 

oxidizer  for  the  ARES  staged  combustion  cycle  with  minimum  weight,  size  and 
complexity.  The  ^0^  is  provided  at  600i'  psx  for  thrust  chamber  coolant  and 
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for  the  primary  combustor.  Fuel  is  supplied  at  5750  psia  to  the  primary 
injector  and  3750  psia  to  the  secondary  injector. 

(C)  The  advanced  turbopump  consists  of  a  tvo-stage  fuel  pump  and 

a  single-stage  oxidizer  pump  at  opposite  ends  of  a  common  shaft,  driven  by  one 
single-stage  turbine  located  between  the  pumps.  The  turbine  is  driven  by 
oxidizer-rich  gas  provided  by  an  annular  primary  combustor  located  between  the 
oxidizer  pump  and  the  turbine .  The  bearings  are  lubricated  by  the  storable 
propellants.  Separation  of  fuel  and  oxidizer  along  the  shaft  is  attained  by 
a  unique  hydrostatic  combustion  seal  which  deliberately  leaks  a  metered  amount 
of  fuel  into  the  turbine  exhaust.  The  entire  package  of  rotating  machinery 
and  primary  combustion  chamber  is  enclosed  in  a  high-pressure  housing,  which 
also  acts  as  a  thrust  takeout  member  and  as  the  propellant  distribution  medium 
from  the  pumps .  The  turbopump  cutaway  is  shown  in  Figure  IV-1. 

(C)  The  Phase  I  effort  consists  of  several  design  and  component 

feasibility  demonstration  tasks.  In  addition  to  the  overall  TPA  design  effort. 
Aerojet  is  required  in  Phase  I  to: 

(a)  Demonstrate  the  feasibility  of  lubricating  rolling 
contact  bearings  at  1+0,000  rpm  (DN  of  1.6  million)  in  both  of  the  propellants. 

(b)  Demonstrate  the  structural  integrity  of  the  turbopump 
housing  under  various  imposed  structural  arid  vibrational  loads. 

(c)  Demonstrate  successful  operation  of  the  hydrostatic 
combustion  seal  in  simulated  engine  operating  conditions. 

(d)  Develop  pump  wear  rings  that  will  provide  adequate  pump 
efficiency  by  operating  at  very  close  clearances,  but  with  minimum  explosion 
hazard  from  pump  rubbing. 
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(e)  Design  and  test  a  purge  seed  to  be  utilized  if  the 
hydrostatic  combustion  seal  is  found  not  feasible. 

(f)  Design  a  relatively  more  conservative  backup  turbopump 
to  be  utilised  if  the  advanced  design  is  not  practical. 

2.  Advanced  and  Backup  Turbopump  Assembly  Designs 

(U)  Design  layouts  were  completed  for  both  the  advanced  "T"-engine, 

and  the  backup,  "in-line"  engine.  Detail  designs  of  the  "T"-engine  turbopump 
were  also  completed.  The  T-engine  cutaway  is  shown  in  Figure  IV-1;  the  backup 
design  is  shown  in  Figure  IV-33.  Detail  designs  were  also  prepared  for  fuel 
and  oxidizer  boost  pumps  which  are  suitable  for  either  turbopump. 

3.  Turbopump  Housing  Development 

(C)  Integrated  turbopump  and  primary  combustor  housings  were 

designed  and  tested  for  both  the  advanced  "T"  and  the  backup  "in-line"  turbo¬ 
pumps.  The  contract  requires  that  the  housings  not  weigh  more  than  350  lb, 
that  they  have  a  permanent  axial  deflection  less  than  0.020  in. ,  and  that  the 
radial  misalignment  be  less  than  0.008  in.  at  1.4  times  nominal  design  pres¬ 
sure  and  thrust,  applied  simultaneously .  Also,  the  housing  cannot  have  a 
critical  vibration  mode  in  any  axis  of  667  +_  10%  cps ,  either  without  internal 
pressure  or  when  pressurized  to  1.2  times  design  pressure  under  an  exciting 
force  of  1-g  input.  It  is  also  important  that  the  housing  have  a  low-pressure 
drop  across  the  propellant  distribution  passages,  that  it  adequately  cool 
itself  with  the  propellant  flow,  and  that  it  permit  easy  insertion  and  removal 
of  the  turbopump  and  primary  combustor  components. 
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(U)  Analytical  stress  methods  are  not  adequate  to  treat  the 

three-wall  structure  used  for  the  "T"  configuration  advanced  turbopump.  Con¬ 
sequently,  single-wall,  double-wall,  and  photoelastic  models  were  built  and 
tested  to  obtain  necessary  design  data  for  the  fnll-scale  three-wall  structure. 
This  work  indicated  the  actual  stresses  that  would  be  encountered — generally 
lower  than  predicted  by  stress  analytical  models — and  suggested  design  changes 
to  optimize  the  configuration. 

(C)  One  of  the  two  full-scale  models  was  electron-beam  welded  and 

one  was  plug  welded.  Manufacturing  difficulties  were  experienced  with  both 
housings  but  refined  welding  and  heat  treat  methods  solved  these  problems. 
Pressure  testing  was  accomplished  with  (l)  Internal  pressures  simulating  actual 
engine  operating  conditions,  (2)  with  50^  design  thrust  load  and  no  internal 
pressure,  and  (3)  with  combined  thrust  loads  and  internal  pressures,  both  at 
l.'+  times  nominal  design  values  (il+0,000  lb  of  thrust  and  8400  psi  internal 
pressure) . 

(U)  These  tests  and  the  subsequent  vibration  tests  demonstrated 

the  ability  of  the  design  to  meet  contractual  requirements,  and  also  indicated 
several  desirable  improvements  that  will  be  incorporated  into  the  housing 
design  carried  on  into  Phase  II  of  the  program.  This  housing  will  make 
greater  use  of  castings  and  will  have  modified  propellant  passage  design  to 
improve  cooling.  Figure  IV-1  shows  the  "C"  housing  design  with  these 
improvements . 

(U)  A  simpler  test  program  was  conducted  on  the  "in-line"  turbo¬ 

pump  housing  with  equally  successful  results. 
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4.  Propellant-Lubricated  Bearings 

(C)  The  program  has  demonstrated  the  feasibility  of  eliminating 

conventional  lubrication  systems  for  the  turbopump  bearings.  Both  ball  and 
roller  bearings  were  successfully  lubricated  for  at  least  12  minutes  of 
operation  with  and  with  AeroZINE  50  at  rotating  speeds  of  40,000  rpm 

(DN  of  1,600,000).  During  the  40,000  rpm  tests,  the  tandem  ball  bearings 
were  subjected  to  an  axial  load  of  2,500  lb  for  8  sec,  and  to  1500  lb  for  the 
remainder  of  the  run.  Roller  bearings  were  subjected  to  1000-lb  radial  load 
for  8  sec  and  to  500  lb  for  the  remainder  of  the  run. 

(C)  The  fuel  (AeroZINE.  50)  generally  proved  to  be  a  more  severe 

environment  for  the  bearings,  cages,  and  races  than  was  the  oxidizer  (N_0, ). 

All  rollers,  for  example,  experienced  definite  end  wear  in  A-50,  but  only 
burnishing  in  NgO^;  however,  the  amount  of  wear  in  A-50  was  not  excessive  for 
TPA  life  requirements.  Ball  bearings  with  titanium  and  tungsten  carbide  balls 
(designated  K5H  by  Kenemetal)  in  440C  races  proved  to  be  the  best  design  for 
AeroZINE  50  operation.  Use  of  440C  for  both  the  rollers  and  for  the  races  was 

satisfactory  for  the  radial  bearings,  A  25%  glass-filled  Teflon  shrouded  with 

stainless  steel  provided  the  best  cages. 

(U)  The  ball  bearings  were  also  successfully  tested  up  to  4400  lb 

for  8  sec  at  a  lower  rpm  (31,250),  with  2200  lb  for  the  remainder  of  the  run. 

5.  Pump  Wear  Rings 

(U)  A  wear-ring  development  program  was  conducted  to  limit  internal 

leakage  in  the  pump  to  a  value  consistent  with  the  turbopump  efficiency  ar.d 
thrust-balance  requirements,  and  to  do  this  safely  and  reliably  in  spite  of 
intermittent  rubbing  in  both  NgO^  and  AeroZINE  50.  Secondary  objectives  were 


Page  II— 5 


CONFIDENTIAL 


CONFIDENTIAL 


Report  10830-F-l,  Phase  I 
II,  B,  Turbopump  Assembly  (cont.) 

to  establish  insert  materials  for  other  close-running  components,  such  as 
shaft  labyrinths,  inducers,  and  boost  pumps. 

(U)  One  approach  allowed  intermittent  rubbing  of  the  impeller 

wear  ring  on  conqsatible  inserts;  straight  labyrinth  seals  were  designed  and 
tested  with  various  combinations  of  insert  materials  and  pressure  retention 
mechanisms. 

(U)  The  second  approach  allowed  low-speed  transient  rubbing,  but 

prevented  high-speed  contact  by  maintaining  a  fluid  film  between  the  impeller 
rubbing  surfaces  and  the  seal  itself.  Hydrostatic  face  and  journal  seals, 
based  upon  this  concept,  were  designed  and  tested. 

(U)  For  oxidizer  pump  application,  both  the  hydrostatic  face  seal 

and  the  straight  labyrinth  with  Vespel  SP-21  inst.*ts  limited  flow  through  the 
wear  ring  to  very  low  values  at  the  required  4000-psi  pressure  differential. 
Both  withstood  intentional  attempts  at  rubbing  at  40,000  rpm  without  causing 
fire  or  explosion  and  were  in  reusable  condition. 

(U)  The  fuel  pump  is  designed  integrally  with  the  thrust  balancer 

in  a  manner  that  requires  a  straight  labyrinth  seal  at  the  outside  diameter  of 
the  fuel-pump  impeller.  The  optimum  design  of  this  labyrinth  seal  requires 
operation  at  a  clearance  of  0.007  in.  Two  inert  inserts  of  Kynar  and  KeH-f 
were  satisfactorily  designed  and  tested  under  simulated  conditions.  This 
included  repeatable  flow  rate  before  and  after  rubbing  at  high  speed  and  pres¬ 
sure  differentials  of  2250  psi.  Kynar  was  selected  for  the  fuel  pump  appli¬ 
cation  on  the  basis  of  its  slightly  better  properties  after  exposures  to 
AeroZINE  50  in  laboratory  tests. 

(U)  On  the  basis  of  this  program  and  analysis  of  the  turbopump 

requirements,  hydrostatic  face  seals  were  selected  for  the  oxidizer-pump  wear 
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ring  and  straight  labyrinths  with  pressure  relieved  Kynar  inserts  were  selected 
for  the  fuel-pump  wear  ring.  These  designs  are  shown  for  the  advanced  turbo- 
pump  in  Figure  IV-1  and  the  backup  turbopump  in  Figure  IV- 33. 

6.  Hydrostatic  Combustion  Seal 

(U)  The  ARES  engine  requires  a  rotating  shaft  seal  between  the 

fuel  pump  and  the  oxidizer-rich  turbine  exhaust  gas.  A  hydrostatic  seal  was 
adopted  because  the  operating  speed  of  1+0,000  rpm  imposes  an  excessive  surface 
velocity  of  600  ft/sec  on  rubbing  contact  seals.  The  seal  maintains  separation 
of  the  nonrotating  seal  face  from  the  running  ring  with  a  fluid  film  of  fuel, 
leaking  from  the  pump  and  exhausting  into  the  oxidizer-rich  turbine  exhaust. 

The  seal  and  its  adjacent  parts  are  cooled  by  streams  of  oxidizer  flowing 
through  holes  on  each  side  of  the  seal.  The  cross  section  of  the  seal  is 
shown  in  Figure  IV-T2. 

(U)  The  hydrostatic  combustion  seal  is  one  of  the  concepts  criti¬ 

cal  to  the  advanced  engine  design.  The  Phase  I  program  requires  a  60-sec 
demonstration  of  the  seal  under  simulated  engine  operating  conditions. 

(U)  Several  tests  were  conducted  in  a  two-dimensional  tester  no 

determine  surface  temperatures,  feasible  operating  clearances  and  optimum 
design  configurations.  The  data  from  this  program  was  then  incorporated  into 
full  scale  seals  which  were  initially  tested  without  combustion  in  the 
separate  propellants,  both  with  and  without  shaft  rotation.  After  solving 
some  initial  sequence  problems,  the  seal  operated  successfully  at  design  rpm 
with  operating  clearances  of  0.001  in.  and  less.  The  seal  demonstrated  its 
ability  to  tolerate  axial  wobble  several  times  larger  than  the  nominal  • 
operating  clearance. 
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(U)  Several  hot  rotating  tests  with  actual  propellants  were  then 

conducted  for  a  total  testing  time  with  combustion  of  over  80  sec.  The  same 
seal  was  used  for  four  of  these  tests,  establishing  that  the  seal  is  capable 
of  restarts.  The  required  60  sec  of  problem- free  operation  was  not  attained 
because  of  various  difficulties  with  the  shield  downstream  of  the  seal  face 
and  with  operation  of  the  tester  itself.  Additional  testing  is  now  underway 
with  modified  designs  that  take  advantage  of  the  test  experience  to  date. 

7.  Purge  Seal 

(U)  A  purge  seal  design  was  developed  as  an  alternative  approach 

in  event  the  hydrostatic  combustion  seal  proved  impractical.  The  purge  seal 
operates  on  the  hydrostatic  principle  to  avoid  high  rubbing  contact  velocities, 
but  it  uses  an  inert  purge  fluid  instead  of  controlled  fuel  leakage,  as  in  the 
primary  design.  Figure  IV-84  shows  the  design  utilized. 

(U)  Initial  cold  rotating  tests  attained  40,000  rpm  at  less  them 

design  purge  fluid  flow,  causing  slight  rubbing  contact.  Hot  testing  was  then 
initiated  with  increased  purge-fluid  flow.  Although  as  high  as  55  sec  of 
testing  at  40,000  rpm  was  attained,  problem  free  operation  was  not  achieved. 
Further  development  was  not  continued  because  of  the  favorable  progress 
attained  with  the  hydrostatic  combustion  seal. 

C.  THRUST  CHAMBER  ASSEMBLY 

1.  General 


(U)  The  ARES  thrust  chamber  assembly  consists  of  two  main  engine 

subsystems:  the  primary  combustor  assembly  and  the  secondary  combustor 
."ssembly.  The  primary  combustor  assembly  produces  the  oxidizer-rich  turbine 
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drive  gas  and  consists  of  an  injector  and  combustion  chamber.  The  secondary 
combustor  assembly  consists  of  a  gas-liquid  secondary  injector,  which  unites 
the  turbine  drive  gas  with  the  balance  of  the  fuel,  and  a  cooled  secondary 
combustion  chamber.,  When  ARES  engine  modules  are  used  in  clusters  to  provide 
a  high-thrust  engine,  the  expansion  nozzle  of  the  secondary  combustion  chamber 
can  be  designed  as  a  two-dimensional  configuration  to  provide  additional  per¬ 
formance  improvement .  Evaluation  of  an  uncooled  two-dimensional  noi.zle  to 
determine  nozzle  heat-transfer  conditions  was  included  as  part  of  the  Phase  I 
program. 


2.  Primary  Combustor  Assembly 

(U)  The  objective  of  the  primary  combustor  program  was  to  evaluate 

primary  combustor  injectors,  define  performance  characteristics,  and  obtain 
temperature  profiles  along  the  chamber  wall  and  across  the  gas  stream.  Injector 
testing  was  to  be  conducted  at  off-design  conditions  to  define  the  minimum 
injector  pressure  drop,  the  sensitivity  to  off-design  mixture  ratio  operation, 
and  finally  to  define  inherent  stability  of  the  combustor  by  shocking  it  with 
a  pulse  gun.  The  goal  of  the  program  was  to  develop  one  injector  configuration 
to  the  point  where  it  could  be  used  in  conjunction  with  the  modular  turbopump 
housing  for  early  Phase  II  testing. 

(U)  The  success  criteria  for  the  primary  combustor  effort  was  that 

the  temperature  of  the  primary  combustor  exhaust  gas,  as  measured  by  three 
thermocouples  at  the  entrance  to  the  turbine  nozzle  ring,  could  not  exceed 
l650°F,  with  the  variation  between  each  thermocouple  not  exceeding  400°F. 

Also,  chamber  pressure  oscillations  must  not  exceed  +  5%  of  the  average  chamber 
pressure  value  and  must  not  be  divergent  with  time  when  measured  during  the 
steady-state  portion  of  the  test  firings.  Compliance  with  these  conditions  was 
to  be  demonstrated  in  three  teBts,  each  having  a  minimum  duration  of  1-sec 
steady  state.  The  primary  combustor  must  be  in  a  refirable  condition  follow¬ 
ing  the  demonstration  series. 
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(U)  Three  injector  concepts  were  test  evaluated  during  the 

program,  designated  the  pentad,  quadlet,  and  full- flow  configurations.  These 
injectors  were  evaluated  in  a  heavyweight  workhorse  housing  which  was  designed 
to  have  the  same  interface  dimensions  and  gas-passage  configurations  as  the 
flightweight  modular  TPA  housing.  This  housing  included  extensive  instrumenta¬ 
tion  to  facilitate  the  evaluation  of  injector  performance  and  operating 
characteristics . 

(U)  The  test  program  consisted  of  31  hot-fire  tests.  Develop¬ 

ment  problems  encountered  during  the  test  program  included  low-frequency  feed 
system  coupled  instability,  and  minor  erosion  of  tne  injectors  and  combustion 
chamber.  Incorporation  of  five  axial  vanes  to  inhibit  the  instability  together 
with  two  turbulators  to  provide  mechanical  mixing  of  the  propellants  solved 
both  problems.  The  pentad  injector  proved  to  be  the  best  injector. 

(C)  The  primary  combustor  configuration  developed  during  the 

test  program  met  or  exceeded  all  requirements.  The  average  temperature 
obtained  on  the  three  required  successful  tests  was  1340°F;  the  average 
chamber  pressure  was  4650  psia;  the  chamber  pressure  oscillations  at  steady 
state  averaged  1,27$.  The  average  mixture  ratio  during  these  tests  was 
11.63.  The  final  injector  and  combustor  chamber  configuration  which  ultimately 
satisfied  all  contract  work  statement  requirements  is  shown  in  Section  V, 
Figures  V-l  and  V-2. 

3.  Secondary  Combustor  Assembly 

a.  Testing  with  Residual  Hardware  from  Contract 

AF  04(6ll)-8548,  Integrated  Components  Program  (ICP) 

(U)  Significant  amounts  of  untested  hardware  were  residual 

from  a  contract  which  preceded  the  current  program.  Initial  secondary 
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combustor  testing  on  the  current  program  was  conducted  with  this  hardware  to 
obtain  early  design  data  for  modular-configuration  secondary  injectors  and 
cooled  combustion  chambers.  The  residual  hardware  included  two  new  secondary 
injectors  and  two  single-pass  regeneratively  cooled  chambers. 

(C)  The  test  program  consisted  of  13  valid  hot  firing  tests, 

of  which  nine  were  for  injector  evaluation  and  four  were  for  cooled  chamber 
evaluation.  The  two  injectors,  designated  the  Mark  32  and  the  Mark  125,  both 
delivered  specific  impulse  efficiencies  of  86.U)t  and  86.7 t,  respectively. 

The  computed  combustion  loss  efficiencies  for  these  injectors,  which  is  the 
parameter  indication  of  inherent  injector  performance,  were  97 • 5 f  and  97 . 6% , 
respectively.  The  Mark  32  injector,  however,  sustained  erosion  on  the  trailing 
edge  of  its  vanes  while  the  Mark  125  experienced  no  erosion.  Based  upon  these 
results,  the  Mark  125  concept  was  selected  for  test  evaluation  in  the  ARES 
modular  configuration  hardware.  Additional  tests  were  conducted  with  the 
Mark  125  injector  to  determine  performance  as  a  function  of  chamber  character¬ 
istic  length  (L*)  and  to  determine  the  performance  loss  attendant  with  various 
amounts  of  supplementary  film  cooling.  Using  this  data,  the  optimum  L*  was 
determined  to  be  40  in.,  which  was  the  value  used  in  the  subsequent  ARES 
modular  cooled-chamber  design. 

(U)  Two  tests  were  conducted  on  each  of  the  two  regeneratively 

cooled  chambers.  The  first  chamber  was  designed  for  single-point  film-cooling 
injection.  During  testing  of  this  chamber,  part  of  its  protective  thermal 
barrier  coating  was  lost,  which  resulted  in  pin-hole  leaks  in  the  throat  area. 
The  second  chamber  was  designed  for  two-point  film-cooling  injection;  one  at 
the  injector  face  and  one  in  the  convergent  section  of  the  nozzle.  The  first 
test  conducted  with  the  chamber  produced  good  data  and  no  hardware  damage  was 
incurred.  Unfortunately,  the  chamber  was  lost  during  the  second  test  because 
of  a  ruptured  oxidizer  supply  hose  which  caused  a  fuel-rich  mixture  ratio 
excursion  and  subsequent  chamber  destruction,  thus  ending  this  test  phase. 
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(U)  The  residual  hardware  testing  established  a 

foundation  for  the  subsequent  design  and  development  of  new  injectors  «s*d 
chambers.  Beat  transfer,  engine  stability,  and  other  analytical  oodels  were 
verified  and/or  refined. 

b.  Modular  Secondary  Injector  SSerelcpwent 

(U)  Two  basic  injector  patterns  were  evaluated  during  this 

progran.  Including  the  Mark  125  design  and  a  new  alternative  design  designated 
the  fuel  swirl  rake.  Both  injectors  were  designed  in  a  flight-weight  con¬ 
figuration  to  watch  the  ABES  nodular  TPA  interface.  All  testing  was  performed 
with  uncooled  ablative-lined  combustion  cbawbers;  test  objectives  were  to 
establish  injector  perferaance,  stability  characteristics ,  and  structural 
integrity. 

(C)  Initial  testing  of  both  injectors  revealed  that  per¬ 

formance  was  significantly  below  that  obtained  in  the  residual  hardware  test 
program  with  the  Mark  125  injector.  Analysis  showed  that  excessive  oxidizer 
was  escaping  into  the  combustion  chamber  around  the  periphery  of  the  injector, 
preventing  adequate  nixing  and  combust icn  with  the  fuel.  A  circular  shroud 
was  therefore  installed  around  the  injector  to  contain  the  oxidizer  gas  within 
the  fuel  injection  envelope.  In  this  configuration,  the  Mark  125  and  fuel- 
swirl-rake  injector*,  delivered  specific  irpulce  efficiencies  of  93-5  and  91-1%, 
respectively,  at  area  ratio  11;  this  corresponds  to  96. 4  and  9^.6%,  respectively, 
when  corrected  to  the  ABES  chamber  design  point  of  40  in.  L*  and  20:1  area  ratio. 
Stability  characteristics  and  structural  integrity  were  satisfactory  w.*th  both 
injectors.  On  the  basis  of  higher  performance,  the  Mark  125  injector  was  selected 
for  testing  with  cooled  thrust  chambers. 

(U)  The  subsequent  transpiration-cooled  chamber  test  series 

revealed  an  unforeseen  compatibility  problem  between  the  injector  and  the 
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cooled  thrust  chamber.  After  transpiration  coolant  was  reduced,  a  streaking 
became  evident  on  the  chamber  vail  in  line  with  the  injector  vanes.  This 
condition  caused  the  loss  of  two  transpiration- cooled  chambers.  At  the  end 
of  the  report  period,  two  solutions  were  being  pursued  to  solve  the  injector 
sad  chaaber  compatibility  problem.  The  ...  st  was  to  modify  the  Mark  125 
injector  at  its  periphery  to  give  a  finer  ’el  injection  pattern  and  to 
eliminate  any  fuel  impingement  onto  the  .ober  vail  ty  ensuring  that  all  of 
the  outer  fuel  was  directed  axially  from  the  injector.  The  second  solution 
was  to  design  and  test  new  injector  patterns  which  will  maintain  high  per¬ 
formance  and  be  compatible  with  cooled  thrust  chamber  operation.  This  effort 
is  now  underway. 


c.  Modular  Cooled  Thrust  Chamber  Development 

(C)  The  objective  of  this  task  is  demonstration  of  a  cooled 

thrust  chamber  and  secondary  injector  combination  delivering  a  minimum  sea- 
level  specific  impulse  of  280  sec  during  three  20-sec  duration  firings.  The 
hardware  must  be  refirable  at  the  end  of  the  third  test. 

(U)  Two  basic  concepts  were  evaluated  during  the  reporting 

period:  (l)  regenerative  cooling,  supplemented  with  film  cooling  and  a  thermal 
barrier  coating,  and  (2)  transpiration  cooling. 

(U)  Based  on  the  residual  hardware  test  program,  a  new 

flight-weight  regeneratively  cooled  thrust  chamber  design  was  evolved  and 
tested.  The  new  design  had  a  10.5-in.  internal  diameter,  a  two-pass 
cooling  circuit,  and  a  high-temperature  thermal-barrier  coating  on  the  inside 
tube  wall  to  reduce  the  amount  of  supplemental  film  coolant.  Four  of  these 
chambers  were  fabricated,  but  experienced  considerable  delay  because  of  fabri¬ 
cation  problems  associated  with  use  of  Inconel  718  thin-walled  tubes. 
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(U)  A  heavy-weight  transpiration-cooled  chamber  was  designed 

which  permitted  ^0^  transpiration-coolant  flow  to  be  varied  over  wide  ranges 
in  various  portions  of  the  chamber.  The  workhorse  chamber  (Figure  VI-63  and 
-64)  is  composed  of  12  individually  fed  compartments,  each  compartment  being 
composed  of  a  stack  of  "washer  pairs"  (Figure  VI-66).  Each  washer  pair,  in 
turn,  consists  of  a  0.001-in. -thick  flow-control  washer  and  a  0.010-  or 
0.020-in. -thick-flow-diffusion  washer,  with  the  thickness  depending  on  location 
in  the  chamber.  Three  of  these  chambers  were  fabricated. 

(U)  The  test  program  consisted  of  five  tests  on  three 

regeneratively  cooled  chambers  and  30  tests  on  two  transpiration-cooled 
chambers.  The  initial  tests  demonstrated  structural  integrity  and  basic 
operation  of  each  design  while  using  a  maximum  amount  of  film  or  transpiration 
coolant.  The  coolant  was  then  decreased  incrementally  to  give  progressively 
higher  performance.  When  contractually  required  performance  was  obtained, 
test  duration  was  to  be  extended  in  steps  to  meet  the  three  20-sec  duration 
tests  required  by  the  terms  of  I  e  contract. 

(C)  Attainment  of  the  required  performance  and  duration  was 

not  demonstrated  during  the  report  period  because  of  the  incompatibility 
problem  with  the  Mark  125  injector;  however,  the  basic  feasibility  of  the 
transpiration-cooled  chamber  design  was  demonstrated.  Structural  integrity, 
stability,  heat  transfer  and  performance-trend  data  all  indicate  that  this 
chamber  concept  can  meet  ARES  engine  requirements  when  a  non-streaking  injector 
is  developed.  Insufficient  testing  has  been  performed  to  date  with  the 
regeneratively  cooled  chamber  to  firmly  establish  its  feasibility.  Based  on 
data  obtained  to  date,  it  is  predicted  that  the  regeneratively  cooled  chambei 
will  meet  Phase  I  requirements  with  about  29  lb/ sec  film  coolant  and  that  the 
transpiration-cooled  chamber  will  meet  requirements  with  25  lb/sec  of  coolant 
with  an  injector  delivering  93.5%  Ig  or  better  in  the  uncooled  condition. 


Page  11-14 


CONFIDENTIAL 


CONFIDENTIAL 


Report  10830-F-l,  Phase  I 
II,  C,  Thrust  Chamber  Assembly  (cont.) 

Coolant  has  already  been  successfully  reduced  from  over  50  lb/sec  to  about 
35  lb/sec  with  the  transpiration  cooled  chamber. 

d.  Uncooled  Two-Dimensional  Nozzle  Evaluation 

(U)  The  ARES  engine  module  can  be  used  singly  or  in  clusters 

to  provide  thrust  in  multiples  of  100,000  lb.  Approximatel'r  eight  or  more 
engines  can  be  arranged  to  discharge  through  a  common  nozzle  to  increase 
effective  area  ratio.  A  possible  design  improvement  to  the  basic  engine, 
when  used  in  such  an  application,  involves  use  of  a  two-dimensional,  nonaxisym- 
metric  nozzle  which  is  flared  and  flattened  to  distribute  the  gases  evenly 
into  the  forced  deflection  or  plug  nozzle. 

(U)  The  Phase  I  effort  included  a  task  to  determine  the  tem¬ 

perature  distribution  in  a  two-dimensional  nozzle  using  both  uniform  and 
tailored  film  coolant  xnjection.  A  two-dimensional  nozzle  with  an  area  ratio 
of  5:1  was  fabricated  and  tested  twice.  The  chamber  consisted  of  an  ablative 
liner  enclosed  in  a  heavy  steel  case.  Thermocouples  penetrated  the  chamber 
wall  in  axial  rows  along  both  the  curved  and  the  flat  sides.  The  chamber 
configuration  is  shown  in  Figures  VI-105  and  VI-106. 

(U)  The  first  test  with  uniform  film  coolant  injection  con¬ 

firmed  that  temperature  distribution  was  uneven,  with  ■‘•he  higher  temperatures 
occurring  on  the  flat  side  of  the  nozzle.  The  second  test  then  tailored  the 
film  coolant  at  its  injection  point  in  the  main  chamber  to  provide  relatively 
greater  amounts  of  coolant  on  the  flat  side  of  the  nozzle.  The  thermocouple 
data  indicated  that  this  was  an  effective  way  to  equalize  the  temperature 
distribution  around  the  nozzle. 
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D.  CONTROLS 

1 .  Ceneral 


(U)  The  principal  goal  of  this  portion  of  the  program  was  to 

develop  the  fuel  and  oxidizer  valves  which  will  be  used  in  the  complete  full- 
scale  engine  module  testing.  In  addition,  it  was  necessary  to  size  the  pro¬ 
pellant  suction  lines  between  the  boost  pumps  and  the  suction  valves  and  to 
establish  satisfactory  interface  designs  for  the  suction  lines  at  those  points. 

2.  Suction  7alve 


(U)  A  multiple  purpose  suction  valve  suitable  for  both  propellants 

was  designed  and  demonstrated.  The  valve  was  designed  to  act  as  both  a 
long-term  storage  seal  and  as  a  positive-shutoff  operational  seal.  It  is 
required  to  have  a  response  capability  to  open  or  close  in  less  than  O.itCO  sec, 
and  to  give  unobstructed  flow  from  the  propellant  line  through  the  valve  to 
the  pump.  The  valve  must  also  have  low  operating  torque,  low  weight,  and  a 
diameter  not  greatly  in  excess  of  the  propellant  line. 

(U)  The  configuration  that  eventually  met  all  work  statement 

requirements  is  a  unique  design  in  which  a  segmented  ball  gate  lifts  from  the 
operational  seal,  and  then  rotates  entirely  out  of  the  flow  path.  A  metal 
foilseal  which  acts  as  a  long-term  storage  seal  is  sheared  during  the  initial 
lifting  motion.  In  the  reverse  motion,  the  segmented  ball  gate  rotates  into 
the  flow  path  and  is  then  pushed  linearly  against  a  spring-loaded  lip  seal. 

This  design,  with  its  cam  operating  mechanism,  is  shown  in  Figure  VII-1. 
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(U)  The  operation  of  the  valve  after  endurance  cycling  with  both 

water  and  propellants  met  or  exceeded  contract  requirements;  there  was  no 
discernible  internal  or  external  leakage  of  either  propellant. 

3.  Fuel  Controls 


(U)  Separate  fuel  control  valves  were  developed  for  both  the  ' 

primary  and  secondary  injectors.  The  primary  fuel  control  valve  must  accurately 

A 

control  the  fuel  flow  rate  to  the  primary  combustor  over  a  flow  range  of  25:1, 
and  be  able  to  repeat  the  flow  for  any  preselected  position.  It  must  also  have 
the  capability  to  shut  off  6,000  psi  flow  from  any  position  in  less  than 
0.025  sec.  ..  '  -•  ■ 

(U)  The  rotary  sleeve  vflve  configuration  selected  to  meet  this 

requirement  is  shown  in  Figure  1-7. 1.1-1  of- Appendix  I.  Two  of  these  valves 
were  fabricated  and  tested.  The  test's  Verified  the  structural  integrity  of 
the  design,  and  demonstrated  that  all  of  the  design  criteria  were  met  or 
exceeded.  The  flow  constant  (Kw)  actually' "attained  was  2.1,  against  a  • 
requirement  of  only  1.45.  Thus,  the^al've  gives  more  flow  for  a  given  AP  than 
originally  demanded,  giving  it  the  ability  to  accommodate  lower  inlet  pressures 

than  originally  contemplated.  The  control- raijge  demonstrated  was  80:1,  versus 

^  *  V  *■ 

a  required  range  of  25 2 1  •  .. 

» •’  (  ■  ,  #  * .  '• 

•  •  f  , 

(U)  The  secondary  injector  fuel  control 'valve  is  similar  i$  con¬ 

cept  to  the  primary  control  valve:  it  must .handle  approximately  four  times 
the  flow,  but  must  have  a  maximum  operating  pressure  of  only  4,000  psi.  The 
valve  configuration  is  shown  in  Figure  1-7. 1.2-2  of  Appendix  I.  This  valve 
also  met  or  exceeded  all  contractual  requirements  and  gave  a  control  range  of 
75:1,  veisus  a  requirement  of  25:1. 
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E.  SUPPORTING  STUDIES  •  /■ 

1 .  General 


(U)  Several  studies  and  laboratory  testing  efforts  were  conducted 

to  provide  specialized  design  data,  or  to  investigate  matters  relating  to 
application  and  growth  of  the  ARES  engine  concept.  These  are  summarized  below: 

2.  Fluid  Dynamic  Testing 

(U)  Analytical  techniques  cannot  accurately  predict  pressure  drop 

and  flow  distribution  for  some  of  the  flow  passages  on  the  integrated  ARES 

< 

engine.  Consequently,  a  program  was  undertaken  to  experimentally  determine 
this  information  with  air  flow  test  models.  Four  full-scale  models  were  built 
and  tested  to  predict  performance  of  the  passages  in  the  "T"  configuration 
advanced  turbopump  from  the: 

a.  Oxidizer  pump  discharge  down  to  the  thrust  chamber  flange. 

b.  Thrust  chamber  flange  up  to  the  primary  injector  face. 

c.  Primary  injector  to  the  turbine  inlet. 

d.  Turbine  exhaust  to  the  secondary  injector  face. 

(U)  The  results  of  the  air-flow  testing  gave  sufficient  information 

to  confidently  design  all  of  the  flow  passages  with  the  exception  of  the  turbine 
exhaust  to  injector  face  passage.  Additional  effort  is  needed  to  optimize  the 
design  of  this  passage  for  uniform  flow  to  the  secondary  injector. 

3.  Subscale  Nozzle  Program 

(U)  When  the  ARES  engine  module  is  clustered  into  large  single 

nozzles,  discontinuities  occur  where  the  individual  modules  exhaust  onto  the 
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common  skirt.  Also,  in  the  forced-deflection  nozzle,  a  base  heat  shield  is 
needed  to  prevent  base  recirculation  from  damaging  the  bottom  of  the  vehicle. 

In  regions  of  flow  discontinuities,  experimental  data  were  needed  to  optimize 
performance  and  determine  heat  transfer  rates.  Therefore,  a  subscale  program 
was  conducted  to  obtain  design  criteria  for  a  2-million-lb  thrust  engine 
employing  twenty  100K  modules  exhausting  into  a  single  forced  deflection  nozzle 
skirt.  The  engine  was  designed  for  a  vehicle  approximately  18  ft  in  diameter. 
The  first  part  of  the  program  was  to  determine  the  performance  potential  of 
the  nozzle  arid  to  evaluate  the  effect  of  various  design  parameters  on  the  per¬ 
formance  (see  Section  VIII, B, 2).  The  second  part  was  to  obtain  heat  transfer 
data  in  regions  of  the  nozzle  where  flow  conditions  are  such  that  purely 
analytical  techniques  would  not  be  expected  to  apply  (see  Section  VIII ,B, 3). 

(U)  The  resulting  test  program  revealed  a  great  amount  of  useful 

design  information  on  the  20  module  ARES  configuration.  Some  of  the  signifi¬ 
cant  conclusions  are: 


a.  Forced-deflection  and  plug  nozzles  using  20  modules 
perform  better  with  axisymmetric  internal  expansion  sections  (IES)  than  with 
contoured-wedge  "two  dimensional"  IES's. 

(C)  b.  Ambient  base  bleed  offers  between  2.5^  and  3.5% 

performance  improvement  over  nonvented  performance  within  the  atmosphere. 

(C)  c.  Throttling  by  module  shutdown  results  in  a  performance 

(I  )  loss  of  only  0.5 %  down  to  20%  thrust  under  vacuum  conditions  for  forced 
s 

deflection  nozzles  employing  either  axisymmetric  IES's  or  contoured-wedge  IES's. 

(U)  d.  The  heat  transfer  coefficient  in  the  region  where  the 

IES's  flow  onto  the  skirt  is  higher  than  would  be  predicted  for  a  continuous 
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wall  with  no  discontinuities.  The  magnitude  of  the  increase  is  strongly 
dependent  on  the  IES  geometry  and  spacing. 

(C)  e.  Axisymmetric  IES's  result  in  the  lowest  heat-transfer 

rate  of  the  cases  tested. 

(U)  f.  The  heat  transfer  rate  on  the  base  heat  shield  at  sea- 

level  atmospheric  conditions  is  approximately  four  times  as  high  as  at  vacuum. 

(U)  g.  The  heat  transfer  rate  inside  the  nozzle  of  a  shutdown 

module  is  approximately  the  same  as  on  the  base  heat  shield. 

!+.  Advanced  Propellants 

(U)  A  program  was  conducted  to  determine  the  changes  necessary 

for  the  engine  to  be  suitable  for  use  with  several  advanced  propellants — 
peroxide/Alumizine ,  Compound  A/Hydrazine  and  NgO^/Alumizine. 

(U)  The  results  of  this  study  showed  that  conversion  of  the  ARES 

module  to  the  use  of  advanced  propellants  changes  the  flow  schedule  of  the 
module  significantly.  However,  boost  pumps,  suction  lines,  suction  valves, 
and  the  primary  combustor  fuel  valve  can  be  used  with  no  component  design 
changes.  The  existing  turbopump  oxidizer  housing  is  adequate  for  N^O^/ 
Alumizine  and  for  H^Og/Alumizine  but  not  for  Compound  A/N^H^.  It  can  be  made 
acceptable  for  Compound  A/Alumizine  if  shaft  speed  is  increased,  or  operating 
pressure  of  the  secondary  combustor  is  reduced,  or  if  capability  to  accommo¬ 
date  a  large-diameter  pump  impeller  is  provided. 

(U)  The  oxidizer  impeller  and  the  second-stage  fuel  impeller  can 

be  reworked  from  the  ARES  configuration  to  accommodate  a  specific  propellant. 
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(U)  Other  major  components  are  not  acceptable  because  of  the 

increased  fluid  flow  to  the  secondary  combustor.  These  components  will  have 
to  be  resized. 

(U)  Greater  convertibility  could  be  achieved  by  using  an  N^O^/ 

AeroZINE  50  cycle  based  on  a  fuel-rich  rather  than  an  oxidizer-rich  primary 
combustor.  However,  conversion  to  this  cycle  would  demand  the  development  of 
a  high-temperature  turbine  as  well  as  new  primary  and  secondary  combustors. 
Therefore,  the  fuel-rich  primary  combustor  cycle  with  N^O^/ AeroZINE  50  is  not 
recommended  in  the  current  program. 

5.  Analytical  Models 

(U)  Several  analytical  models  were  developed  to  establish  the 

engine  steady-state  and  transient  operation  and  to  define  its  stability 
characteristics.  To  accomplish  this,  three  engine  simulation  computer  pro¬ 
grams  were  developed: 

(U)  a.  A  steady-state  program  to  establish  the  engine  operating 

point,  and  the  ability  of  the  engine  to  regain  the  design  point  when  perturbed. 

(U)  b.  A  transient  program  including  water  hammer  effects  to 

show  the  behavior  of  the  engine  during  start,  steady-state  and  shutdown 
operations. 

(U)  c.  A  low-frequency  analysis  program  for  studying  the  system 

stability  characteristics  of  the  engine  during  steady-state  operation. 

(U)  Similar  models  were  prepared  for  use  with  the  component  test 

hardware.  These  used  basically  the  same  equations,  but  their  boundary  condi¬ 
tions  were  varied  to  suit  the  particular  test  setup. 
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6.  Reliability 

(U)  A  reliability  effort  was  conducted  to  assure  that  the  engine 

will  have  high  operational  reliability.  Most  effort  was  concentrated  in  the 
areas  of  failure-mode  analysis  and  design  review,  with  limited  effort  devoted 
to  such  tasks  as  maintainability  and  reliability  prediction. 

(U)  An  initial  task  was  to  obtain  applicable  failure  data  from 

related  programs.  This  task  provided  essential  inputs  for  the  failure  mode 
analyses,  maintainability  reviews,  reliability  predictions,  and  various  com¬ 
parison  studies.  Data  was  obtained  from  the  Titan  II,  Titan  III,  and  Gemini 
programs  on  component  failure  modes,  frequency  of  experienced  failures,  and 
the  reliability  of  each  component. 

(U)  Each  component  of  the  ARES  engine  was  analyzed  to  identify  the 

potential  failure  modes,  the  causes  of  those  failures,  and  the  anticipated 
effects  of  those  failures  on  the  engine.  It  is  concluded  that,  even  though 
effort  must  be  directed  toward  the  solution  of  some  remaining  design  problems, 
greater  emphasis  must  be  placed  in  such  nondesign  areas  as  fabrication, 
assembly,  inspection,  transportation,  checkout,  cleaning,  and  testing.  There 
are  cases  in  which  trapped  propellants  pose  a  potential  safety  hazard.  The  use 
of  inert  materials  such  as  Kynar  and  Kel-F  for  inserts  in  the  wear-rings 
removed  all  significant  explosion  hazards  from  main-stage  or  boost  pump  rub. 
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III. 

H30CLE 


A.  OBJECTIVE  AJfD  AP?E£UCH 

1.  Progulsioa  Systea  Objective 

(P)  The  Phase  I  objective  of  the  propulsion  system  design  and 

analysis  effort  was  to  establish  the  master  laroti  for  a  propulsion  s/stes 
with  twenty  190.000— lb f— thrust  engine  modules  clustered  within  a  forced 
deflection  nozzle  to  define  the  engine-nodule  envelope  constraints  and  inter¬ 
face  conditions. 


2.  Engine  Module,  Advanced  Turoop*»np.  Phase  I  Objectives 

(C)  The  Phase  I  objectives  of  the  engine  nodule,  advanced  turt-o 

punp,  design  and  analysis  effort  was  to  establish  a  layout  design  for  an 
engine  nodule  to  operate  to  the  target  design  point  tabulated  below. 


Thrust,  Sea  Level,  lbf 
Chandler  Pressure,  psia 
Specific  Impulse,  sec 
Pr-pellants 

Mixture  Ratio,  Injector 

Area  Ratio,  Nozzle  (80%  Optimum 
Bell  contour) 

NPSH,  Fuel,  ft 

NP3H,  Oxidizer,  ft 

Dry  Weight  (including  boost  pump) 


Target 

Phase  II 

Design 

Demons t rat ion 

Point 

Range 

100,000 

100,000  +  5000 

ZdQU 

2E00  +  140 

285 

283  (min ■’sins) 

S-0, /A-SO* 

Z  4 

%0,  /A-50* 

Z  4 

2.2:1  Nominal 

2.2:1  .odnal 

20:1 

20:1 

43.0 

43.0 

30.0 

30.  o 

675 

850  (maximum) 

*A-30,  Aerojet-General  Corporation  Trade  Name  for  0.5  Hydrazine,  0.5  UDMH 
fuel  blend 
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III,  A,  Objective  and  Approach  (coot.) 

From  this  layout  design,  working  designs  of  the  engine  nodule  assembly  and 
its  component  parts  were  to  be  established.  These  designs  will  be  tested  in 
Phase  11  of  this  program  within  the  demonstration  range  tabulated  above. 

3.  Engine  Module.  Conservative  Turbopump,  Phase  I  Objective 

(K)  The  Phase  1  objective  of  the  engine  nodule,  conservative 

tu*'bopuap,  design  and  analysis  effort  was  to  establish  a  layout  design  for  an 
engine  nodule  incorporating  a  turbopuap  assembly  of  conservative  design. 

4.  Approach 

(U)  The  nodule  envelope  constraints  were  defined  by  the  require- 

nents  to  fit  into  the  20-nodule  propulsion  systeu. 

(U)  Specifications  were  developed  early  in  the  progran  so 

component  designs  could  be  initiated.  Fran  the  component  designs  there  was 
a  feedback  of  predicted  perfomance  and  size  and  envelope  requirements.  The 
steady  state  operating  point  V3S  revised  to  reflect  the  latest  component 
design  changes  and,  conversely,  there  were  component  design  changes  neces¬ 
sitated  by  changes  in  the  operating  point.  Thus,  an  iterative  process  was 
used  to  refine  both  the  engine  and  component  designs. 

(U)  To  analyze  the  engine  module  it  w,  ~  necessary  to  determine 

the  pressure  values  throughout  the  system  based  on  pressure  drops  required  by 
the  injectors,  the  turbine  and  the  fluid  passages.  Component  functional 
require-»ents  such  as  TPA  speed  and  pump  pressure  rises  were  defined  and  pre¬ 
liminary  component  designs  evolved. 
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00  Separate  supporting  efforts  were  perfonsed  to  assist  in  the 

design  of  the  propulsion  system,  engine  nodule,  and  the  engine  components. 
These  efforts  included  (1)  fluid  dynamic  testing  of  the  module,  (2)  aero¬ 
dynamic  testing  of  the  propulsion  system  nozzle,  (3)  advanced  propellants, 
(4)  mathematical  models,  and  (5)  reliability.  The  results  of  these  efforts 
are  discussed  in  Section  VIII  of  this  report.  In  summary,  these  studies 
supported  and  contributed  to  the  design  program  as  follows: 

a.  Module  Fluid  Dynamic  Testing 

(If)  Air-flow  testing  of  the  interior  flow  passages  of  the 

engine  module  was  performed  and  aided  in  developing  fluid  passages  with 
pressure  drop  and  flow  distribution  characteristics  sufficient  to  satisfy 
design  requirements. 


b.  Propulsion  System  I'tzzle  Aerodynamic  Testing 

00  Testing  of  a  20-module  propulsion  system  forced  deflec¬ 

tion  subscale  nozzle  models  provided  performance  and  heat  transfer  data. 

c.  Advanced  Propellants 

00  An  advanced  nropellants  study  was  performed  to  consider 

the  changes  that  could  be  incorporated  into  the  ei  ine  design  to  make  the 
engine  more  suitable  for  use  with  advanced  propellants.  The  results  of  this 
study  were  considered  in  selection  of  materials  in  component  designs. 
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d.  Mathematical  Models 

(l»)  Mathematical  models  of  the  ARES  engine  cycle  were 

programed  for  computer  evaluation  of  the  engine  steady  state,  start  and  shut¬ 
down  (including  water  haomier  effects),  and  low  frequency  stability  character¬ 
istics.  Tnese  programs  were  used  to  define  the  engine  operating  characteristics. 

e.  Reliability 

(U)  A  reliability  analysis  was  performed  aimed  at  achieving 

an  engine  design  with  maximum  reliability  potential.  Potential  modes  of 
failure  were  identified  and  design  approaches  to  eliminate  or  reduce  these 
potential  problems  were  established. 

5.  Engine  Handbook 

(U)  Concurrent  with  the  engine  and  component  design  efforts,  an 

Engine  Handbook  was  established  and  kept  up  to  date  by  periodic  revisions. 

This  handbook  was  a  part  of  the  documentation  contractual  requirements  and 
was  also  a  technical  part  of  the  design  effort  in  that  it  provided  a  vehicle 
for  the  documentation  and  coordination  of  the  module  and  component  designs. 

(U)  The  Engine  Handbook,  Re’  ision  No.  18,  is  included  as 

Appendix  I  of  this  report.  This  revision  of  the  handbook  documents  the  work¬ 
ing  design  of  the  engine  module  with  advanced  (T  configuration)  tu^bopump 
and  the  layout  of  the  engine  module  with  the  conservative  (backup  or  inline 
configuration)  turbopump.  This  handbook  revision  includes  the  latest  module 
and  component  data  and  supersedes  previous  issues  and  changes. 
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B.  PROPULSION  SYSTEM 

1.  Objective 

(U)  The  objective  of  this  effort  was  to  establish  the  master 

layout  of  a  propulsion  system  which  incorporates  twenty  100, 000-lb f-thrust 
engine  modules  clustered  within  a  forced  deflection  nozzle,  and  to  define 
the  engine  module  envelope  constraints  and  interface  conditions. 

2.  Description 


(U)  The  propulsion  system  shown  in  Figure  III-l  consists  of 

20  engine  modules,  including  boost  pumps,  arranged  in  a  circular  pattern 
within  a  forced  deflection  (FD)  nozzle.  The  axis  of  the  engine  modules  are 
canted  at  an  angle  of  22.4  degrees  from  the  propulsion  system  centerline. 

Each  of  the  20  module  nozzles  serves  as  an  inner  expansion  section  with  an 
expansion  ratio  of  14:1.  The  circular  nozzles  discharge  into  a  single  skirt, 
an  ablative  forced  deflection  nozzle,  resulting  in  an  overall  expansion  ratio 
of  70:1. 

(U)  The  entire  assembly  of  20  engine  modules  and  the  forced 

deflection  nozzle  are  held  together  by  an  upper  thrust  ring  which  takes  the 
thrust  from  the  engines,  and  by  a  heat  shield  across  the  forced  deflection 
nozzle  inlet  that  ties  the  engine  module  nozzles  to  the  FD  nozzle.  Structural 
cans  surrounding  the  module  nozzles  take  the  thrust  from  the  FD  nozzle  to  the 
upper  flange  of  the  module  thrust  chamber.  The  engine-module  boost  pumps 
are  mounted  on  the  vehicle  and  connected  to  the  bottom  of  their  respective 
tanks.  Flexible  lines  connect  the  boost  pumps  and  the  engine  intakes. 
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3.  Thrust  Vector  Control 


(0)  The  propulsion  system  achieves  thrust  vector  control  by 

pivoting  the  integrated  module  forced-deflection  nozzle  assembly.  The 
assembly  is  pivoted  by  two  wedge  rings  between  the  thrust  ring  of  the  propulsion 
system  and  a  fixed  thrust  ring  at  the  bottom  of  the  vehicle.  The  wedge  rings 
can  be  individually  rotated  to  any  position  to  achieve  the  desired  TVC  angle 
up  to  the  maximum  angle  (6  degrees)  of  the  wedge  ring  system.  The  thrust  is 
transmitted  through  the  thrust  bearing  rollers  between  the  upper  and  lower 
wedge  rings.  Thrust  ring  clamps  are  provided  to  take  tensile  loads  during 
shipping  or  handling. 

4.  Module  Envelope  Constraints 


(U)  The  engine  module  configuration  is  constrained  by  the 

envelope  allocation  for  the  individual  modules  in  the  propulsion  system. 

The  configuration  shown  in  Figure  III-l  is  a  minimum  configuration  for  the 
circular  arrangement  of  modules.  The  module  envelope  was  monitored  contin¬ 
uously  during  the  program  to  assure  that  the  module  and  its  components  will 
fit  in  the  allocated  space.  Adequate  space  was  allocated  for  available  off- 
the-shelf  type  actuators  which  are  to  be  used  for  the  engine  module  Phase  II 
demonstration  engine  tests.  By  orienting  these  actuators  as  shown  in 
Figure  III-l,  the  actuators  will  fit  within  the  allocated  engine  envelope. 

5.  Program  Accomplishments 

(U)  The  propulsion  system  layout  design  was  completed  during 

February  1*J66  and  was  subsequently  reviewed  with  regard  to  nozzle  performance 
considerations  and  established  to  be  satisfactory  on  the  basis  of  the  extra¬ 
polated  results  of  the  subscaie  20-module  nozzle  aerodynamic  test  program. 
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The  engine  module  interfaces  as  established  by  the  layout  design  have  been 
incorporated  in  the  engine  module  and  component  designs. 


Page  III-7 

UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-i,  Phase  I 


III,  Module  (cont.) 

C.  ENGINE  MODULE,  ADVANCED  TURBOPUMP 

1.  Objectives 

(U)  The  objective  was  to  establish  a  layout  design  for  an  engine 

module  which  has  the  sea  level  target  operating  characteristics  as  tabulated 
in  Section  III, A, 2. 


From  this  layout  design  a  worxing  design  of  the  engine 
module  and  component  parts  was  to  be  established.  This  design  would  be 
tested  in  Phase  II  of  this  program. 

2.  Description 

a.  Design 

(U)  The  ARES  demonstration  engine  module  with  the  advanced 

(T-design)  turbopump  including  boost  pumps  is  sho>i.  in  Figure  III-2,  an 
updated  version  of  Aerojet  Drawing  1120394  referred  to  in  the  contract  work 
statement.  The  engine  module  subassembly  cross-section  layout.  Figure  III-3, 
shows  the  engine  without  boost  pump  and  engine  feed  lines.  High  performance 
is  achieved  by  improvements  in  both  specific  impulse  and  specific  weight  over 
those  of  engines  currently  in  ufe.  A  higher  specific  impulse  is  attained  by 
using  high  chamber  pressure  and  the  staged-combustion  engine  cycle.  Lower 
specific  weight  is  achieved  through  a  integrated  design  and  by  using  high- 
strength  materials  for  pressure-containing  components. 

(U)  The  ARES  demonstration  engine  module  consists  of  a 

40,000  rpm  turbopump  assembly,  a  20:1  area  ratio  regeneratively  cooled  thrust 
chamber  assembly,  fuel  and  oxidizer  suction  valves,  and  boost  pumps.  The 
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turbopump  housing  accommodates  tha  pumps,  turbine,  primary  combustor,  and 
control  valves  and  forms  the  main  structural  component  of  the  engine.  The 
general  configuration  of  the  housing  is  chat  of  a  T-pipe.  The  pumps  are 
located  at  opposite  ends  of  the  13  in.  dia  cylindrical  portion,  with  the 
thrust  chamber  attached  to  the  lower  end  of  the  vertical  branch.  The  engine 
uses  a  single-stage  oxidizer  pump  and  a  two- stage  fuel  pump.  The  module 
subassembly  external  view  with  envelope  dimensions  defined  is  shown  in 
Figure  III-4. 


b.  Cycle 

(U)  The  staged  combustion  cycle  of  the  ARES  demonstration 

engine  is  shovn  schematically  by  Figure  III-5.  In  this  cycle  the  propellants 
enter  the  module  from  the  propellant  tanks  then  flow  through  the  suction  boost 
pumps  where  the  pressure  is  raised  to  a  safe  suction  pressure  to  suppress 
cavitation  in  the  main  stage,  high  speed  pumps.  The  propellants  enter  the 
main  stage  pumps  through  eyelid  type  suction  valves  located  at  the  nain  pump 
inlets . 

(U)  The  bulk  of  the  oxidizer  from  the  main  oxidizer  pump 

flows  through  the  secondary  combustoi  coolant  tubes  and  then  is  injected 
into  the  primary  combustor. 

(U)  The  bulk  of  the  fuel  from  the  first-stage  fuel  pump 

f lows  through  the  secondary  combustor  fuel  control  valve  to  the  secondary 
combustoi.  Approximately  18%  of  the  fuel  is  pumped  to  a  higher  pressure  by 
the  second-stage  fuel  pump  end  then  flows  through  the  primary  fuel  control 
valve  to  the  primary  combustor.  The  propellants  are  burned  in  the  primary 
combustor  to  generate  an  oxidizer  rich,  moderate  temperature  (1200°F)  gas. 

This  gas  passes  through  the  turbine  nozzle  and  jotor  to  power  the  pumps.  The 
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turbine  exhaust  passes  through  the  secondary  combustor  injector  where  mixes 
and  burns  with  the  main  fuel  flow  in  the  secondary  combustor  to  generr'  the 
rated  thrust.  Boost  pumps  are  driven  by  hydraulic  turbines  powered  b  ligh 
pressure  propellant  from  the  main  propellant  pumps.  Thrust  chamber  fixm 
cooling  is  supplied  from  the  discharge  of  the  main  oxidizer  pump. 

c.  Operation 

(1)  Design  Point  Operation 

(U)  The  predicted  operating  point  of  the  engine  module 

for  target  specific  impulse  is  given  in  Table  1-2. 7-1,  Appendix  I.  This  operat¬ 
ing  point  is  based  on  predicted  component  performances,  on  allocated  pressure 
drops  or  passage  friction  loss  characteristics  throughout  the  system,  and  on 
the  required  film  coolant  flow  rate.  The  steady  state  mathematical  model  of 
the  engine  was  used  to  calculate  this  operating  point.  The  two  fuel  control 
valves  would  be  adjusted  to  attain  the  operating  point  shown.  Predicted 
operating  point  flow  values  for  all  flow  circuits  of  the  engine  module  are 
shown  in  Figure  1-2. 6-1,  Appendix  I. 

(U)  The  target  operating  point  in  relation  to  the 

operating  region  specified  in  the  work  statement  for  the  engine  module  is 
shown  in  Figures  1-2. 7-5  and  1-2. 7-6,  Appendix  I. 

(2)  Start-Shutdown 

(U)  The  engine  module  start  and  shutdown  transients 

have  been  analytically  defined  using  the  transient  mathematical  model  and 
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predicted  component  performance  characteristics.  These  predicted  start  and 
shutdown  transients  are  shown  in  Figures  1-2. 4. 3-1  and  1-2. 4. 4-1,  Appendix  T „ 
respectively.  A  detailed  discussion  of  the  transient  mathematical  model  is 
given  in  Section  VIII  of  this  report  for  both  the  start  and  shutdown  operations. 


(U)  The  engine  operating  sequence  to  accomplish  the 

predicted  start  transient  is  as  follows. 

(a)  Pressurize  propellant  tanks  to  60  psd~. 

(b)  Open  oxidizer  suction  valve. 


(c)  Open  fuel  suction  valve  approximately  1/2 


sec  later. 


(d)  Open  primary  combustor  fuel  control  valve 
(PCFCV)  to  preset  amount  (5%  operating  point  value)  which  causes  fuel  to 
flow  to  the  primary  combustor. 


(e)  Open  secondary  combustor  fuel  control  valve 
(SCFCV)  to  its  full  operating  position. 


(f)  Continue  opening  PCFCV  at  a  preset  rate  from 
its  step  to  the  steady  state  operating  point. 


The  shutdown  operation  is  the  reverse  of  the 
startup  operation  and  ends  witr.  all  engine  module  valves  closed. 
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(3)  Off-Design  Operation 

(U)  The  Phase-I  ARES  engine  module  was  designed  to 

achieve  specified  performance  at  full  thrust.  Off  design  operation  can  be 
obtained  by  varying  the  PCFCV  and  the  SCFCV  positions.  Figures  1-2. 4. 1-1 
through  1-2. 4. 1-7  Inclusive,  Appendix  I,  show  the  operational  maps  for  this 
off-design  operation.  The  predicted  relationships  of  engine  thrust  and  engine 
specific  impulse  to  control  valve  position  are  shown  in  Figure  1-2. 4. 1-1, 
Appendix  I  and  indicates  that  the  engine  can  be  throttled  to  approximately  80% 
of  rated  thrust  while  maintaining  constant  engine  mixture  ratio.  To  reduce 
the  thrust  to  this  80%  point  while  holding  the  engine  mixture  ratio  constant, 
the  PCFCV  is  partially  closed  while  the  SCFCV  is  fully  opened.  The  engine 
can  be  throttled  further  by  continuing  to  close  the  PCFCV;  however,  the  engine 
mixture  ratio  will  increase  for  this  off-design  operation  because  the  SCFCV  is 
already  fully  open. 


d.  Influence  Coefficients 

(U)  The  effects  of  component  performance  deviations  from 

allocated  design  values  were  calculated  to  establish  their  criticality  to 
the  engine  system.  It  was  established  from  this  analysis  that  the  two  fupl 
control  valves  of  the  system  have  more  than  adequate  control  capability  to 
achieve  target  engine  thrust  and  mixture  ratio  for  anticipated  variations  in 
component  performance  due  to  manufacturing  tolerances.  Predicted  effects  of 
turbopump  component  efficiency  deviations  from  nominal  operating  values  on 
engine  performance  and  on  turbine  inlet  temperature  are  shown  in  Figures 
1-2. 7-2  and  1-2. 7-3,  Appendix  I,  respectively. 

e.  Weight 

(U)  Engine  weight,  broken  down  by  component,  has  been 

estimated.  These  weight  values  are  tabulated  in  Table  1-11.1-1,  Appendix  I, 
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along  with  the  allocated  weight  values.  The  chargeable  dry  weight  of  the 
engine  nodule  assembly  is  currently  estimated  to  be  743  lb. 

f.  Materials 

(D)  The  materials  to  be  used  in  the  components  of  the  engine 

module  have  been  selected  based  on  their  environmental  and  operational 
requirements.  A  list  of  materials  for  the  engine  components  is  shown  in 
Table  1-12.1-1,  Appendix  1.  Included  in  this  table  are  component  temperature 
and  operating  environments. 

3.  Design  Criteria 

(U)  Engine  and  component  design  criteria  were  defined  and  revised 

as  required  to  establish  the  specification  as  documented  in  Appendix  I.  The 
engine  module  performance  specifications  are  documented  in  Appendix  I,  Section 
2.3,  which  defines  the  performance,  envelope  and  weight  requirements.  The 
engine  design  pressure  schedule  is  given  in  Table  1-2. 6-1,  Appendix  I.  This 
table  gives  the  propellant  and  gas  design  pressures  at  major  flow  stations 
throughout  the  module.  The  module  flow  passage  design  requirements  are  given 
in  Table  1-2. 6-2,  Appendix  I. 

(U)  Component  design  criteria  have  been  established  from  the 

engine  module  pressure  and  flow  schedule  mentioned  above.  These  component 
design  requirements  are  documented  under  their  respective  component  headings 
in  Appendix  I. 

(«1)  Physical  dimensions  of  all  components  and  the  interfaces 

between  components  were  defined.  This  was  done  by  means  of  interface  drawings 
that  defined  both  sides  of  each  interface  in  detail,  including  dimensions, 
tolerances,  surface  finishes,  sealing,  and  bolting  requirements.  A  list  of 
the  interface  drawings  is  given  in  Table  1-13.1-1,  Appendix  I. 
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4.  Program  Accomplishments 

(U)  In  establishing  the  engine  design,  three  variations  of  the 

configurations  were  evolved.  The  initial  engine  design  variation  incorporated 
the  Model  A  "urbopump  which  in  turn  was  used  for  the  turbopunp  housing 
structural  testing.  Section  IV, C,  of  this  report  discusses  the  results  of 
turbopump  hoi  ?ing  structural  testing.  A  second  engine  design  variation 
incorporating  a  Model  B  turbopump  was  prepared.  A  plastic  model  of  the  engine 
fluid  passages  with  the  B  configuration  turbopump  housing  was  evaluated  by  air 
flow  testing.  Data  from  this  testing  indicated  that  both  flow  distribution 
and  pressure  drop  were  unsatisfactory  in  the  oxidizer  pump  housing.  The  pump 
housing  passages  were  developed  to  achieve  satisfactory  flow  characteristics 
and  the  improved  passages  were  incorporated  in  the  Model  C  turbopump  housing. 
Section  VIII, A,  of  this  report  presents  results  of  the  module  air  flow  develop¬ 
ment  program.  The  third  engine  design  variation  was  then  prepared  incorporating 
the  Model  C  turbopump;  this  engine  design  was  presented  ir»  Figure  III-3. 
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D.  ENGINE  MODULE,  CONSERVATIVE  TURBOPUMP 

1.  Objective 

(U)  The  objective  was  to  establish  a  layout  design  for  an  engine 

nodule  incorporating  a  turbopump  assembly  of  conservative  design  which  has 
the  same  engine  sea  level  operating  characteristics  as  the  demonstration 
module  with  advanced  turbopump  as  tabulated  in  Section  III, A, 2,  of  this  report. 

2.  Description 
a.  Design 

(U)  A  layout  design  was  made  of  an  engine  modul  incorpora¬ 

ting  a  conservative  design  turbopump  which  meets  the  basic  operation  require¬ 
ments  of  the  engine  module.  This  module  design  is  shown  in  Figures  1-9. 1.1-2, 
Appendix  I. 

(U)  This  conservative  turbopump  is  of  inline  configuration 

with  the  turbopump  shaft  on  the  same  center  line  as  the  thrust  chamber.  This 
results  in  the  turbine  exhaust  discharging  directly  to  the  thrust  chamber 
injector.  The  turbopump  design  is  discussed  further  in  Section  IV, D,  of  this 
report. 

(U)  The  same  thrust  chamber  assembly,  suction  valves,  PCFCV 

and  SCFCV  are  used  in  this  engine  subassembly  as  are  used  in  the  engine  with 
the  advanced  turbopump.  Also,  the  same  design  boost  pumps,  propellant  suction 
lines,  and  hydraulic  turbine  feed  lines  would  be  used.  The  turbopump  speed 
is  30,000  rpm  in  this  design  compared  to  40,000  rpm  In  the  advanced  design. 
Also,  there  is  a  purge  seal  between  the  propellant  pumps  compared  to  a  burn- 
off  seal  in  the  advanced  turbopump  housing. 
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b.  Cycle 

(0)  The  engine  cycle  for  the  backup  design  is  shown  in 

Pigure  1-9. 1.1-1,  Appendix  I.  This  cycle  is  basically  the  same  as  for  the 
advanced  design,  but  the  component  arrangment  is  shown  to  correspond  to  the 
inline  turbopump  configuration. 

c.  Operation 

(U)  The  predicted  operating  point  of  the  backup  engine 

module  for  the  target  specific  impulse  is  given  in  Table  1-9. 1.3-1,  Appendix  I. 
This  operating  point  is  based  on  predicted  component  performances  and  on 
allocated  pressure  throughout  the  system  and  film  coolant  flow  rate. 

(0)  The  same  steady  state  mathematical  model  of  the  engine 

was  used  to  define  this  operating  point  as  was  used  for  the  engine  module 
with  the  advanced  turbopump.  The  predicted  performance  of  the  components, 
however,  was  adjusted  to  reflect  those  of  this  engine.  In  general,  the 
components  are  similar  to  those  of  the  advanced  turbopump  design  with  the 
major  difference  being  in  the  turbopump  assembly. 

3.  Design  Criteria 

(U)  The  engine  performance  specification  for  the  backup  engine 

are  the  same  as  those  for  the  demonstration  engine  module  and  are  documented 
in  Appendix  I,  Section  2.3.  The  engine  design  specification  is  given  in 
Table  1-9. 1.2-1,  Appendix  I. 
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4.  Program  Accomplishments 

(U)  Two  configurations  layouts  of  the  engine  module  with  conser¬ 

vative  turbopump  were  prepared.  The  initial  configuration  was  based  on  the 
turbopump  configurations  used  for  turbopump  housing  structural  tests.  The 
second  layout.  Figure  1-9. 1.1-2,  Appendix  I,  has  an  improved  but  similar 
configuration  turbopump  with  an  improved  thrust  chamber  design. 
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IV. 

TUHBOPIKP  ASSEMBLY 

A.  SUMMARY 

1.  Objectives 

a.  Program  Objectives 

(C)  The  basic  objective  of  the  ARES  turbopump  program  is  to 

provide  a  reliable  flight  weight  feed  system  for  a  100,000  lb  thrust  engine 
utilizing  high  pressure  storable  propellants  in  the  staged  combustion  or 
topping  cycle.  The  ARES  engine  program  objectives — high  performance,  light 
weight,  high  reliability,  low  initial  cost,  ease  of  maintenance,  and  versa¬ 
tility  of  engine  module  application — created  stringent  design  objectives  for 
the  turbopump.  These  objectives  and  resulting  design  concepts  for  the  ARES 
turbopump  include: 

(U)  (l)  An  integrated  design  of  the  pumps,  turbine,  and 

primary  combustor  which  is  capable  of  distributing  the  fluids  from  the  pumps 
to  the  primary  and  secondary  combustors  and  the  turbine  at  low  pressure  drop, 
with  an  absolute  minimum  of  external  high-pressure  seals.  The  design  should 
provide  for  multifunctions,  such  as  thrust  takeout  and  pressure  containment 
without  objectionable  distortions. 

(U)  (2)  Elimination  of  all  redundant  lubrication  cooling, 

circulation  and  storage  requirements  by  the  utilization  of  propellant- 
lubricated  bearings. 

(U)  (3)  Simplification  of  the  rotating  shaft  seal  to 

eliminate  all  purges,  vents,  loose  parts,  and  wearing  surfaces. 
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IV,  A,  Summary  ( cont . ) 

(U)  ( U )  Use  of  a  single  turbine  to  drive  both  pumps  so  that 

a  minimum  number  of  parts  will  be  required,  which  will  also  result  in  higher 
turbine  efficiency  because  of  the  more  favorable  blade  heights  when  all  of 
the  gas  passes  through  a  single  turbine. 

(U)  (5)  Avoidance  of  gears  and  their  auxiliary  systems  and 

the  attendant  complexity. 

(U)  (6)  Use  of  boost  pumps  to  permit  optimized  shaft  speed 

for  the  main  pumps  and  turbine  to  suit  the  engine  requirement  for  20  ft  NPSH 
for  universality  of  application. 

(U)  (7)  Improved  design  of  pump  wear  rings  which  can  safely 

operate  at  close  clearances  so  that  adequate  pump  efficiency  at  the  extreme 
head  rise  of  these  pumps  can  be  achieved  with  minimum  explosion  hazard  from 
rubbing . 


0.  Phase  I  Objectives 

(U)  The  advanced  turbopump  concept  was  to  be  designed  in 

detail.  Of  the  four  items  of  the  ARES  engine  design  which  were  considered  to 
be  critical  during  Phase  I,  three  were  in  the  advanced  turbopump.  These  were 
the  integrated  engine  housing,  the  propellant-lubricated  bearings  which  operate 
at  1.6  x  10^  DN,  and  the  hydrostatic  combustion  shaft  seal.  The  demonstration 
of  the  feasibility  of  these  items  was  established  as  criteria  of  success  for 
continuing  with  the  advanced  or  T-engir.e  turbopump.  A  backup  turbopump  was 
also  to  be  designed.  The  backup  turbopump  feasibility  demonstration  did  not 
require  a  seal  demonstration  but  it  did  require  demonstrations  of  the  semi- 
integrated  housing  and  operation  of  the  propellant-lubricated  bearings  at 
lower  DN  values  (1.25  x  10  ) ,  but  higher  loads. 
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IV,  A,  Sunmaiy  (cont.) 

(U)  In  addition  to  the  critical  items,  a  number  of  additional 

items  had  to  be  designed  and  the  feasibility  of  several  items  verified  by  test. 
This  included  the  design  of  oxidizer  and  fuel  boost  pumps  for  both  turbopumps, 
design  and  test  of  improved  pump  wear  rings ,  turbine  air  tests  to  verify  the 
predicted  efficiency,  finalization  of  the  design  of  the  turbopumps  for  Phase  IT 
selection  and  testing,  and  design  of  the  schedule  pacing  portions  of  test 
fixtures  for  Phase  II  testing. 

2.  Approach 

(U)  To  achieve  the  objectives,  the  advanced  or  T-engine  turbopump 

was  designed.  This  turbopump  operates  at  1+0,000  rpm,  which  is  the  optimum 
speed.  It  features  unrestricted  pump  inlets  at  both  ends  of  the  shaft;  a 
single,  central  drive  turbine  of  very  high  efficiency,  propellant  lubricated 
bearings;  separate  hydraulically  driven  boost  pumps  to  achieve  20  ft  NPSH; 
a  hydrostatic  combustion  seal  that  avoids  vents  and  operating  purges;  a  fully- 
integrated  housing  with  a  minimum  of  external  lines  and  seals;  an  integrated 
engine  thrust  takeout  structure;  improved  pump  wear  rings;  and  a  simple-shaft 
thrust  balancer  to  ensure  maximum  thrust-bearing  life.  This  design  is  shown 
in  Figure  IV-1  and  is  described  in  detail  in  Section  IV,B. 

(U)  In  addition,  a  more  conventional  and  conservative  turbopump 

was  designed  as  a  backup  TPA  in  the  event  that  the  advanced  concepts  were  not 
feasible.  This  turbopump,  which  operates  at  30,000  rpm,  was  renamed  the 
"in-line  turbopump"  to  reflect  its  shaft  configuration  which  is  in-line  with 
the  axis  of  the  thrust  chamber.  The  design  met  almost  all  of  the  objectives^ 
specified  for  the  "T"  configuration  advanced  turbopump.  The  inline  turbopump 
is  shown  in  Figure  IV-29  and  is  described  in  detail  in  Section  IV, D.  The 
design  features  a  semi-integrated  housing;  a  slightly  lower  than  optimum 
operating  speed  to  achieve  more  conventional  bearing  DN  value  and  seal  surface 
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speed,  at  a  moderate  sacrifice  in  pump  and  turbine  efficiency;  a  more  direct 
flow  path  to  the  secondary  injector;  and  a  purged  seal  rather  than  a  combustion 
seal. 


3.  Ac  c  omp 1 i s  hment  5 

(U)  All  design  objectives  of  the  T-engine  turbopump  have  been 

achieved  and  are  described  in  Section  IV, B.  The  detail  drawings  of  pacing- 
hardware  for  the  turbopump  and  boost  pumps  (described  in  Section  IV,F)  are 
ready  to  order.  Test  objectives  on  the  housing,  bearing,  pump  wear  ring,  and 
turbine  met  all  work  statement  requirements.  The  only  item  not  fully  completed 
is  the  seal  work. 

(U)  The  unique  hydrostatic  combustion  shaft  seal,  whicn  avoids 

the  use  of  auxiliary  purge  systems,  was  demonstrated  for  short  duration. 
Hydrostatic  seal  operation  at  1*0,000  rpm,  on  a  0.001-in. -thick  film  of 
AercZINE  50  leaking  to  3000  psi  GN^  has  been  demonstrated  for  60  sec.  Combus¬ 
tion  seal  tests,  on  static  subscale  hardware  and  full-scale  rotatinr  seals 
with  AeroZINE  50  leaking  to  oxidizer  rich  gas  under  full  operating  conditions, 
have  also  been  conducted.  Several  restarts  on  the  same  seal  wiu.-  the  aid  cf 
startup  purges  were  also  accomplished  during  testing.  Tests  of  increased 
duration  will  continue  during  the  Phase  I  extension,  The  combustion  seal 
testing  is  described  in  Section  IV, I .  An  alternative  hydrostatic  pur.-e  seal 
has  also  been  designed  and  tested  with  limited  success  for  a  duration  of  b 0  sec 
at  to ,000  rpm  with  a  turbine  exhaust  condition  of  3^00  psia  and  1050°?.  This 
work  is  described  in  Section  IV  ,J , 

(U)  The  flight-weight  housing  is  the  key  item  to  integrating  the 

engine  nodule.  Two  of  these  housings  for  the  regeneratively  cooled  thrust 
chamber  arrangement  were  fabricated.  The  first  housing  tested  met  the 
structural  and  vibrational  criteria  for  success.  An  improved  housing, 
incorporating  modifications  derived  from  results  of  the  air  tests  of  the 
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IV,  A,  Summary  (cont.) 

flow  passages,  was  completed.  It  is  expected  that  radial  distortion  between 
bearings  will  be  less  than  G.OOl*  in.  Economical  fabrication  methods  for  the 
improved  housing  were  also  investigated.  Firm  quotations  and  delivery 
schedules  were  received  on  the  castings  required.  Estimates  of  welding  and 
machining  required  were  based  on  knowledge  obtained  by  the  fabrication  of  the 
two  flightweight  housings.  A  relative  cost  comparison  between  three  housing 
designs  is  shown  in  Section  IV,C,l+,d.  The  advanced  turbopump  housing  effort 
is  shown  in  Section  IV, C. 

(U)  The  satisfactory  operation  of  the  1+0-mm  bearings  at  1*0,000  rpm 

(1.6  x  10^  DN)  was  also  essential  to  the  integrated  engine  concept.  Feasibility 
of  the  ball  and  roller  bearing  operation  was  demonstrated  in  N^O^  and 
AeroZINE  50  at  the  specified  loads  for  more  than  12-min  require  duration. 

The  bearing  effort  is  described  in  Section  IV  ,G. 

(U)  Three  improved  types  of  pump  wear  rings  were  designed  and 

successfully  tested  in  water.  The  two  best  designs  (a  face  hydrostatic  seal 
and  a  labyrinth  with  inert  inserts)  were  then  successfully  demonstrated  in 
NgO^.  This  demonstration  included  simulated  operation  at  design  pressure 
differentials  of  over  1*000  psi  and  1*0,000  rpm,  plus  purposely  induced  rubbing, 
without  explosion.  The  face  type  of  hydrostatic  seal  was  selected  for  the 
oxidizer  pump  on  the  basis  of  its  more  reliable  operation  and  lower  leakage 
rate.  The  labyrinth  type  of  wear  ring  was  selected  for  the  fuel  pump  on  the 
basis  of  the  combined  wear  ring  and  shaft  thrust-balancer  design.  Therefore, 
only  the  labyrinth  with  inert  inserts  was  demonstrated  in  AeroZINE  50.  Pur¬ 
posely  induced  rubbing  tests  were  also  satisfactorily  conducted  at  operating 
pressure  and  high  rotational  speed.  This  work  is  described  in  detail  in 
Section  IV, H. 
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IV,  A,  Summary  (cont.) 

(U)  Two  single-stage  turbines  were  designed  and  tested  to 

evaluate  the  value  of  twisted  blade  profiles  versus  straight  blade  profiles. 

The  air  test  results  of  the  twisted  blade  design  showed  a  total  to  static 
efficiency  of  86%.  This  design  was  selected  over  the  straight  blade  design 
because  its  efficiency  was  7  to  12  points  higher  at  various  operating 
conditions . 

(U)  The  inline  engine  turbopump  was  designed  through  the  layout 

and  detail  calculation  stages.  In  view  of  the  successful  completion  of  the 
majority  of  the  advanced  turbopump  Phase  I  objectives,  detail  drawings  were 
not  prepared  for  the  backup  approach.  A  detailed  description  of  this  design 
activity  is  presented  in  Section  IV  ,D.  This  arrangement  is  competitive  with 
the  advanced  turbopump. 

(U)  One  housing  for  the  inline  configuration  was  fabricated  and 

tested  and  met  the  structural  and  vibrational  test  requirements  of  the  work 

g 

statement.  The  ball  and  roller  bearing  tests  at  1.25  x  10  DU  values  in  N^O^ 
and  AeroZINE  50  were  conducted  in  two  steps.  The  first  step  was  to  demonstrate 
50-mm  bearings  at  25,000  rpm;  the  second  step  was  to  demonstrate  UO-mm  bearings 
at  31,250  rpm.  All  work  statement  objectives  were  met  or  exceeded. 
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IV,  Turbopump  Assembly  (cont.) 

B.  T-DESIGN  TURBOPUMP 

1.  Objectives  and  Arproach 

(U)  The  T-engine  turbopump  (Figure  IV-l)  was  designed  to  meet  the 

requirements  of  the  new  generation  of  high-pressure  staged  combustion  engines 
utilizing  storable  propellants,  and  AeroZINE  50.  If  required,  the 

concept  could  be  adapted  to  other  propellants.  The  design  utilize,  advancement 
in  the  state  of  the  art  such  as:  integration  of  the  pumps,  turbine,  primary 
combustor  and  controls  into  a  single  housing;  a  minimum  number  of  static  and 
rotating  shaft  seals,  including  a  simple  hydrostatic  combustion  seal;  propel¬ 
lant  lubricated  bearings;  improved  pump  wear  rings;  high  efficiency  turbopump 
components;  ultra-low  NPSH  requirements  resulting  from  the  use  of  separate  low- 
speed  hydraulic  turbine-driven  boost  pumps,  and  a  direct  approach  to  the  develop¬ 
ment  and  integration  of  the  ultimate  flight-weight  components  early  in  the 
program. 


0 

g 

g 

I 

I 

I 

I 

I 

I 


(U)  The  experience  gained  on  previous  high-pressure  programs 

dictated  that  a  minimum  number  of  engine  parts  of  high  reliability  should  be 
used  to  achieve  a  low  initial  cost  and  minimum  maintenance  engine.  This  led 
to  the  high  degree  of  component  integration,  which  eliminates  unnecessary  high- 
pressure  flange  joints  and  external  plumbing,  and  utilizes  the  pump  housing 
to  perfonn  many  functions.  It  also  led  to  the  use  of  propellant -lubricated 
bearings  so  that  auxiliary  inert  fluid  systems  and  their  controls  are  no 
longer  required.  A  hydrostatic  combustion  shaft  seal  with  no-rubbing  elements, 
purges,  or  vents  was  incorporated  to  replace  the  conventional  h*gh-rubbing- 
velocity  shaft  seals. 

(U)  The  minimum  turbopump  size  and  weight  consistent  with  high 

turbine  efficiency  and  the  required  primary  combustor  volume  set  the  selected 
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IV,  B,  T- Design  Turbopump  (cont.) 

operating  speed  of  40,000  rpm.  A  further  increase  in  speed  does  not  signifi¬ 
cantly  reduce  the  turbopump  weight  since  the  primary  combustor  and  turbine 
exhaust  volume  requirements  limit  any  further  reduction  in  housing  size. 

(U)  The  selection  of  separate  hydraulic-driven  low-speed  (8000  rpm) 

boost  pumps  mounted  between  the  propellant  tanks  and  turbopump  inlet  permits 
the  engine  to  operate  at  ultra- low  tank  pressures,  minimizes  engine  weight,  and 
provides  the  engine  with  a  much  broader  application. 

(U)  This  section  describes  the  advanced  or  T-engine  turbopump 

design  in  detail,  xt  also  describes  air  test  results  of  the  turbine  efficiency. 
Separate  sections  describe  the  detailed  design  of  the  boost  pumps  and  the 
design  and  test  results  of  the  housing,  bearings,  seals,  and  wear  rings. 

2 .  Design  and  Analysis 

a.  Description 

(C)  The  T-turbopump  (Figure  IV-l)  features  unrestricted 

pump  inlets  at  opposite  ends  of  the  shaft  which  operates  at  40,000  rpm.  The 
first-stage  fuel  pump  supplies  approximately  80#  of  the  AeroZINE  50  fuel  at 
3750  psia  to  the  secondary  injector,  20%  of  the  fuel  to  the  second-stage  pump, 
and  also  supplies  the  fuel  boost  pump  hydraulic  turbine  requirements  which  is 
a  recirculating  flow  loop  in  the  pumping  system.  The  second-stage  fuel  pump 
supplies  20%  of  the  fuel  at  5750  psia  to  the  primary  injector. 

(C)  The  oxidizer  pump  supplies  all  of  the  NgO^  at  6000  psia 

for  turbopump  housing  and  thrust-cha^oer  cooling  before  it  enters  the  primary 
injector,  plus  the  recirculating  boost  pump  flow. 
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IV,  B,  T-Design  Turbopump  (cont.) 

(U)  The  oxidizer  housing  is  the  major  structural  component 

of  the  engine.  The  housing  encloses  the  primary  combustor,  turbine,  hydro¬ 
static  seal,  bearings,  and  fuel  housing,  and  also  serves  as  a  structural 
member  which  transmits  the  engine  thrust  to  the  thrust  takeout  pad. 

(U)  The  pumps  are  driven  by  a  single  10,070-hp  turbine. 

The  turbine  is  a  subsonic  single-stage  axial  flow  design  operating  with 
oxidizer-rich  gas  at  a  pressure  ratio  of  1.5  and  an  inlet  temperature  of 
approximately  12ll°F. 

(U)  The  power  transmission  assembly  consists  of  one  kO-mm 

roller  bearing  on  the  oxidizer  side  and  a  l+O-mm  roller  and  duplex  mounted 
ball  bearing  set  on  the  fuel  side.  The  ball  bearings  act  with  the  dual-acting 
thrust  balancer  piston  to  compensate  for  variations  in  axial  thrust.  The  fuel 
impeller  is  used  as  the  balance  piston  and  has  flow  restriction  lands  on  the 
front  and  back  side  of  the  impeller  shrouds  to  compensate  for  variations  in 
thrust  loads.  The  roller  bearinf"  are  mounted  in  a  spherical  seat  to  compensate 
for  housing  distortions.  Sine'  pi  pellant  leakage  on  the  oxidizer  side  of  the 
TPA  flows  into  an  oxidizer-rich  gas,  positive  seals  are  not  required  and 
labyrinths  are  used  to  reduce  the  leakage  to  low,  acceptable  values.  On  the 
fuel  pump  side  of  the  shaft  a  hydrostatic  seal  controls  the  small  amount  of 
fuel  flow  into  the  oxidizer  rich  gas  where  combustion  takes  place.  An  alter¬ 
native  hydrostatic  purge  seal  utilizing  an  inert  fluid  purge  can  be  used  inter¬ 
changeably  with  the  combustion  seal  if  required, 

(U)  Boost  pumps  are  incorporated  to  satisfy  the  engine  low 

tank  pressure  requirements  and  supply  the  necessary  NPSH  for  the  main  stage 
pumps.  A  discussion  of  the  boost  pump  is  included  in  Section  IV, F.  The  use 
of  the  boost  pump  allows  the  main  turbopump  to  operate  with  relatively  high 
pump  suction  pressures  which  allow  high  turbopump  speed  and  resultant  small 
size  and  light  weight. 
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b .  Engine  Requirements 


(C)  The  ARES  engine  is  a  100K  high-pressure  gas-liquid  staged 

combustion  cycle  engine  using  1^0^  and  AeroZIHE  50  as  the  oxidizer  and  fuel 
propellants,  respectively.  A  schematic  of  the  engine  using  the  T- design  turbo- 
pump  is  shown  in  Section  I1I,C. 

(U)  The  turbopump  starts  with  tankhead  pressure  only.  The 

unit,  will  accelerate  gradually  as  the  propellant  valves  are  properly  sequenced 
and  primary  combustor  ignition  occurs,  causing  excess  turbine  torque  and  sub¬ 
sequent  rapid  acceleration  to  the  operating  speed.  A  maximum  acceleration  rate 
of  80,00C  rpm/sec  was  established  to  avoid  bearing  skidding  problems  under 
light  loads  during  the  engine  start  transient  phase. 

(U)  The  turbopump  hydraulic  and  aerodynamic  design  specifi¬ 

cations  were  derived  from  engine  steady-state  and  transient  computer  analysis 
based  on  predicted  component  pressure  drops  and  component  performance  character¬ 
istics  which  are  referenced  in  Appendix  I,  ARES  Engine  Handbook,  Sections  1 
and  3, 

(U)  The  mechanical  design  requirements  were  investigated  for 

the  most  severe  steady-state  engine  operating  condition  anticipated,  and  these 
were  found  to  be  less  than  1055?  overspeed  conditions.  To  allow  for  component 
performance  variations,  a  110#  overspeed  criterion  was  used  and  this  results 
in  maximum  operating  pressures  equal  to  121#  times  the  nominal  design  value. 

(U)  The  A-design  turbopump  noted  in  the  weight  summary  below 

is  the  initial  Phase  I  design  used  to  build  hardware  for  housing,  bearing  and 
seal  testing.  Phase  I  final  design  incorporates  improvements  in  the  design 
on  the  basis  of  the  test  results.  Both  designs  have  been  based  on  the 
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regenerutively  cooled  thrust- chamber  requirements .  It  can  also  be  used  for 
a  transpiration-cooled  chaaber  but  a  simpler  design  would  be  preferable. 


(C)  The  estimated:  weight  of  the  turbopuag)  components  with 

their  allocated  target  vaTues  are  listed  below.  The  target  weights  can  be 
defined  as  the  component  weights  consistent  with  the  nominal  engine  target 
weight  of  675  lb. 


Phase  I 

Target  A-Design  Final  Design 


Oxidizer  housing 

189 

228 

196 

Fuel  housing 

60 

82 

58 

Primary  injector  and  liner 

30 

36 

25 

Rotor,  shaft,  impellers,  and  inducers 

19 

22 

24 

Inducer  housings 

19 

17 

13 

Bearings 

3 

3 

4 

Combustion  seal  and  flange 

1 

7 

7 

Turbine  nc?zle 

3 

3 

10 

Turbine  exhaust  duct 

3 

3 

3 

Miscellaneous  nuts,  labyrinths,  and  wear  rings 

_1 

33U 

7 

4  09 

7 

347 

c.  Pump  Design 

(l)  Requirements  and  Design  Considerations 

(U)  The  main-stage  pumps  are  conventional  high-speed 

centrifugal  designs  with  backward  swept  vanes  operating  at  tip  speeds  of 
approximately  600  ft/sec.  The  designs  incorporate  separate  high-speed  inducers 
to  meet  the  low  suction  pressures  available  to  the  pump.  The  inducers  were 
sized  for  a  maximum  suction  specific  speed  of  30,000;  however,  they  operate 
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at  a  nominal  value  of  18,000  suction  specific  speed.  This  design  margin  was 
provided  to  be  conservative  to  minimize  potential  operational  problems  that 
are  associated  with  pumps  operating  at  high  suction  specific  speeds  such  as 
pump  discharge  pressure  oscillations,  large  pump  head  rise  changes  due  to 
cavitation  and  cavitation  damage.  Another  factor  that  influenced  the  inducer 
sizing  was  the  vane  root  stresses.  At  tip  speeds  of  600  ft/sec  and  with  high- 
density  propellants  such  as  the  inducer  vane  stresses  also  limit  the 

maximum  suction  specific  speed  operation  to  approximately  30,000  when  utilizing 
high-strength  steel  materials  such  as  AM-355  selected  for  this  design. 

(U)  Both  main-stage  pumps  incorporate  vaned  diffuser  type 

housings.  Vaned  diffusers  were  selected  over  free-vortex  type  housing  to 
reduce  bearing  radial  loads  in  the  single  discharge  fuel  housing  and  to  provide 
structural  support  to  the  discharge  oxidizer  housing.  Provisions  for 
orificing  the  oxidizer  housing  flow  passages  are  included  in  the  design 
(housing-thrust  chamber  interface)  to  ensure  a  constant  pressure  drop  in  all 
passages  and  thus  provide  an  equal  pressure  upstream  and  downstream  of  the 
thrust  chamber  coolant  tubes.  Design  data  show  that  the  radial  loads  caused 
by  impeller  discharge  circumferential  static  pressure  variations  can  be  reduced 
by  a  factor  of  6  with  diffuser  vanes  for  single  discharge  housings  similar  to 
the  fuel  pump  design. 


(2)  Inducers 

(a)  Hydraulic  Design 

(U)  The  main-stage  inducers  were  designed  for  a 

maximum  suction  specific  speed  of  30,000.  The  flat-plate  high  solidity  type 
inducer  was  selected  because  of  its  demonstrated  high  suction  specific  speed 
capability.  The  inlet  eye  diameter  was  determined  by  the  accepted  criteria 
where  the  inlet  velocity  nead  of  the  fluid  is  approximately  one-third  of  the 
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net  positive  suction  head  (RPSH).  The  resulting  diameters  are  3.31  and 
3.00  in.  for  the  oxidizer  and  fuel  inducers,  respectively.  The  blade  inlet 
tip  angle  for  the  fuel  vas  set  for  an  incidence  to  vane  angle  ratio  of  0.425. 
This  empirical  ratio  has  been  shown  by  tests  to  be  near  optimum  for  maximum 
cavitation  performance  and  efficiency.  The  oxidizer  inducer  deviates  slightly 
from  a  flat-plate  design  and  has  2  degrees  of  camber.  This  modification  was 
incoporated  to  reduce  the  leading  edge  vane  loading  by  lowering  the  fluid 
incidence  to  vane  angle  ratio  from  0.425  to  0.325.  The  added  camber  of 
2  degrees  provides  the  same  fluid  turning  as  a  flat-plate  design  with 
i/6  =  0.425.  Significant  inducer  design  parameters  are  summarized  as  follows: 

Inducer  Design  Parameter 


Oxidizer 

Fuel 

Inlet  flow  coefficient 

0.118 

0.103 

Head  coefficient 

0.16 

0.16 

Inlet  vane  angle  (tip),  degrees 

10.5 

10.3 

Discharge  vane  angle  (tip),  degrees 

12.81 

10.3 

Humber  of  vanes 

4 

3 

Solidity  (tip) 

1.93 

2.01 

Hub /tip  diameter  ratio  (inlet) 

'0.45 

0.45 

NPSH/U2Tip/2g  (5 %  head  loss) 

0.0385 

0.0327 

(b)  I  echanical  Design 

(U)  he  highest  stress  in  flat-plate  inducers 

occurs  at  the  root  of  the  vane  near  the  inlet  region.  The  stress  results 
from  a  combination  of  fiuid  bending  and  centrifugal  loads.  Because  of  the 
high  tip  speeds  of  the  inaucers  and  the  high  density  of  the  propellants,  the 
stresses  exceeded  the  strength  properties  of  aluminum  alloys.  In  selecting 
higher  strength  materials,  ti-aniom  6ll-4v  was  chosen  for  the  fuel  and  AM- 355 
for  the  oxidizer  inducers.  The  use  of  heavier  AM- 355  steel  material  for  the 
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oxidizer  inducers  is  not  desirable  from  critical  speed  considerations;  however, 
titanium  is  incompatible  with  N^O^.  The  use  of  these  heavier  materials  did 
not  reduce  the  critical  speed  below  the  design  requirements  of  48,000  rpm. 

The  maximum  s cress  for  the  oxidizer  inducer  is  42,000  psi  versus  an  allowable 
stress  of  105,000  psi.  The  maximum  stress  for  the  fuel  inducer  is  49,000  psi 
versus  an  allowable  stress  of  70,000  psi 

(3)  Impellers  and  Diffusers 
(a)  Hydraulic  Design 

(U)  The  main-stage  impellers  were  sized  to  deliver 

the  engine  module  flow,  the  boost  pump  hydraulic  turbine  flow,  wear-ring 
leakage  flows  and  bearing  plus  other  miscellaneous  flows.  Impellers  with 
28-degree  discharge  angle  were  selected  for  both  main-stage  impellers  as  a 
compromise  between  high  efficiency  (low  vane  angle)  and  small  diameter  (high 
vane  angles).  The  discharge  flow  coefficients  of  0.12  for  the  fuel  and  0.15 
for  the  oxidizer  are  recommended  values  for  high  efficiency  at  the  correspond¬ 
ing  specific  speeds  of  1250  and  1500.  These  values  are  slightly  higher  than 
those  normally  used  in  the  past  by  Aerojet-General  where  some  efficiency  was 
sacrificed  for  a  reduction  In  impeller  and  pump  size.  Shrouded  impellers  were 
selected  over  the  unshrouded  designs  to  minimize  the  potential  pump  rubbing 
problems  and  resulting  explosion  hazard.  A  detailed  discussion  on  impeller 
wear  rings  is  given  in  Section  IV,E,  The  shrouded  oxidizer  impeller  also 
permits  larger  pump  housing  axial  displacements  during  operation  without 
affecting  pump  performance.  Discharge  diameters  of  4.70  and  5.03  in.  for  the 
fuel  and  oxidizer  pumps,  respectively,  were  obtained  using  Stodola's  slip 
criteria  which  give  the  best  correlation  of  Aerojet-General's  pump  data.  Both 
impellers  have  three  inlet  vanes  anc,  six  partial  vanes. 
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(U)  The  two-stage  fuel  pump  concept  was  selected 

over  a  single-stage  design  because  it  reduces  the  turbine  power  requirements 
by  approximately  1000  hp  and  also  provides  more  flexibility  if  higher  primary 
fuel  pressures  are  required  without  increasing  turbine  power  requirements 
significantly.  The  second-stage  impeller  has  seven  single  curvature  vanes 
with  22-degree  discharge  angle.  Since  the  second-stage  fuel  impeller  is 
located  adjacent  to  the  thrust  bearing  assembly,  an  unshrouded  impeller  is 
used.  At  this  location,  shaft  and  housing  axial  movements  are  small. 

(U)  Both  main-stage  pumps  have  diffuser  vanes  for 

mechanical  as  well  as  hydraulic  considerations  that  were  noted  previously. 
Systematic  tests  have  confirmed  that  the  basic  quantity  that  determines  the 
optimum  efficiency  of  a  pump  is  the  inlet  area  of  the  diffuser  throat.  The 
magnitude  of  the  inlet  vane  angle,  the  number  of  vanes  and  their  profile  have 
little  effect  in  this  respect.  The  diffuser  areas  were  sized  on  the  basis  of 
these  tests  which  agree  with  experience  at  Aero j et-Ger.  _-ral .  The  inlet  vane 
angles  were  based  upon  the  fluid  following  a  logarithmic  spiral  from  impeller 
discharge  to  the  diffuser  throat.  This  angle  was  then  corrected  for  vane 
blockage  and  set  with  3  or  4  degrees  of  incidence.  The  diffuser  exits  were 
sized  for  approximately  1.6  times  the  throat  area  and  the  diffuser  length  is 
4  times  the  height,  which  corresponds  to  a  divergence  angle  of  8.5  degrees. 

(U)  A  summary  of  significant  pump  design  parameters 

is  given  in  Figures  IV-2  and  IV-3  for  the  oxidizer  and  fuel,  respectively. 

(b)  Mechanical  Design 

(U)  The  stress  distribution  and  magnitude  of 

shrouded  impeller  designs  were  determined  by  a  finite-element  axisymmetric 
computer  program.  Several  cross-sections  of  the  impeller  were  investigated 
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to  obtain  the  section  with  the  highest  stresses.  The  results  of  the  stress 
analysis  indicated  that  cast  aluminum  alloys  would  have  marginal  strength 
properties.  As  a  result,  cast  17-1+  PH  steel  was  selected  for  both  the  fuel 
and  oxidizer  impeller.  The  heavier  fuel  impeller  does  not  significantly 
affect  the  TPA  critical  speed  and  was  not  a  problem.  However,  the  heavier 
oxidizer  impeller  reduces  the  critical  speed  by  approximately  1+000  rpm,  which 
was  unacceptable.  To  correct  this  problem,  the  oxidizer  impeller  and  inducer 
lengths  were  reduced  slightly.  This  permitted  a  reduction  in  the  distance 
between  the  oxidizer  bearing  and  the  inducer- impeller  center  of  gravity.  On 
the  basis  of  the  critical  speed  analysis,  these  modifications  will  cancel  the 
critical  speed  reduction  because  of  the  heavier  oxidizer  impeller. 

(U)  A  summary  of  the  pump  impeller  stresses  is 

given  in  Figures  IV-2  and  IV-3  for  the  oxidizer  and  fuel  pump,  respectively. 

(1+)  Performance 

(U)  Predicted  pump  performance  curves  are  referenced  in 

Appendix  I,  Section  3.  The  characteristic  shape  of  head  versus  flow  curve  is 
based  on  existing  Aerojet  pumps  of  similar  design.  The  first-stage  fuel  and 
oxidizer  pump  characteristics  are  similar  to  Aerojet's  Titan  IIA  oxidizer 
pump.  This  pump  has  a  specific  speed  of  1500  rpm  and  incorporates  diffuser 
vanes.  The  second-stage  fuel  pump  H-Q  characteristics  were  based  on  the 
Titan  I  first-stage  fuel  pump.  This  pump  has  a  specific  speed  of  900  rpm,  a 
free  vortex  type  housing,  and  the  impeller  has  a  22-degree  discharge  angle. 

(U)  The  pump  cavitation  performance  characteristic  of 

percent  head  loss  versus  suction  specific  speed  are  based  on  the  M-l  oxidizer 
inducer  performance  which  was  designed  for  a  suction  specific  speed  of 
35*000  rpm. 
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(5)  Component  Tests 

(U)  Performance  testing  of  the  pumps  will  be  conducted 

during  Phase  II  in  several  steps  at  AGC's  electric-motor-driven  pump  water 
test  facilities.  Test  fixtures  have  been  designed  for  these  tests  as  shown 
in  Figure  IV-4.  The  first  series  of  tests  (Figure  IV-4,  view  l)  will  evaluate 
the  cavitating  and  noncavitating  performance  of  the  inducers  from  0  to  120% 
of  design  flow  and  at  design  speed.  The  second  series  (Figure  IV-4,  view  3) 
will  evaluate  the  pump  impeller  performance  without  inducers  at  25,000  rpm. 

The  reduced  speed  is  set  by  the  test  facility  speed  limitation.  The  third 
series  (Figure  IV-4  view  3)  of  tests  will  combine  the  inducer  and  impeller  and 
evaluate  the  overall  pump  performance.  This  test  series  will  determine  if 
proper  inducer  and  impeller  matching  was  achieved  and  it  will  provide  data  to 
correct  any  performance  deficiencies .  The  boost  pumps  and  hydraulic  turbine 
will  then  be  tested  (Figure  IV-4,  view  2  and  U) .  The  final  series  will  consist 
of  boot-strap  tests  where  the  main-stage  pump  and  boost  pump  operate  together. 
These  tests  will  simulate  engine  operation  and  will  provide  interaction  effects 
and  overall  performance  of  the  punping  system. 

d.  Turbine  Design 

(l)  Requirements  and  Design  Considerations 

(C)  The  10,070-hp  turbine  (Figure  IV-5)  is  a  single- 

stage  axial  flow  design  with  a  mean  blade-gas  spouting  velocity  ratio  of  O.606. 
The  turbine  was  designed  for  124l°F  inlet  toted  tmeprature,  4650-psia  inlet 
total  pressure,  and  a  total  to  static  pressure  ratio  of  1.5.  At  this  design 
temperature,  the  engine  power  balance  used  a  turbine  efficiency  of  77$. 
Mechanically,  the  turbine  is  designed  for  13,450  hp  at  l400°F  inlet 
temperatures . 
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(U)  Based  on  optimization  studies,  a  6-in.  OD  was 

selected  and  made  constant  through  the  turbine.  This  cylindrical  shape  makes 
the  tip  clearance  independent  of  axial  movement  of  the  rotor  relative  to  the 
casing.  The  blades  are  designed  for  free  vortex  flow  and  simple  radial 
equilibrium  in  front  of  and  behind  the  blade  rows.  As  a  result,  the  rotor 
blades  are  highly  twisted  and  are  slightly  more  difficult  to  fabricate  than 
a  less  optimum  constant  section  blade.  The  uncertainty  in  the  performance 
loss  of  the  simpler  constant  section  blade  led  to  the  decision  of  air  testing 
the  turbine  with  both  types  of  blading  rather  than  with  blading  of  high  twist 
only.  The  results  of  the  air  tests,  discussed  in  Section  IV,B,2,d,(4) ,  Per¬ 
formance  Tests,  show  that  the  twisted  blade  design  exceeded  the  required 
efficiency  of  77#  by  at  least  3 l  after  considering  additional  turbine  losses 
not  simulated  in  the  air  tests.  The  predicted  turbine  aerodynamic  efficiency 
was  83#  and  the  measured  value  is  86. 5# .  This  higher  efficiency  reduces  the 
turbine  inlet  temperature  requirements  by  35°F. 

(2)  Aerodynamic  Design 

(C)  The  aerodynamic  design  and  current  nominal  operating 

point  of  the  turbine  is  given  below: 


Aerodynamic 

Current  Nominal 

Mechanical 

Design 

Operating 

Design 

Minimum  output,  hp 

10,070 

10,192 

13,450 

Weight,  flow,  lb/sec 

233.3 

230.2 

Inlet  total  temperature,  °F 

1241 

1218 

1400 

Inlet  total  pressure,  psia 

4650 

4556 

5630 

Outlet  static  pressure,  psia 

3100 

3037 

3265 

Rotative  speed,  rpm 

1+0,000 

40,000 

44,000 

Efficiency  (total  to  static) 

0.77 

0.80 

Mixture  ratio 

11.30 

11.55 

Gas  constant,  lb/°F 

46.617 

46.226 

Specific  heat  ratio 

1.2572 

1.256 

6 

0 

0 

0 

0 

0 

0 

0 

D 

0 

n 

0 

o 

0 

D 

0 

G 
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(U)  Optimization  studies  showed  that  a  maximum 

efficiency  would  be  obtained  with  a  stator  outlet  gas  aiig7e  of  approximately 
73  degrees  (measured  from  the  axial  direction)  and  about  k0%  reaction  at  the 
mean  blade  height.  These  values  were  used  in  the  design  and  this  results  in 
10%,  reaction  at  the  blade  root  which  is  sufficient  for  good  performance.  The 
Mach  numbers  are  low  throughout  the  turbine  (maximum  at  stator  and  rotor  out¬ 
let  0.754  and  0.632,  respectively).  The  absolute  outlet  Mach  number  is  0.178, 
which  results  in  low  turbine  exhaust  losses.  Below  are  listed  significant 
design  parameters: 


1 

1 

i 

I 

1 

1 

I 


Rotational  speed  at  mean,  ft/sec 

853 

Isentropic  velocity,  ft/sec 

1409 

Velocity  ratio,  Um/Co 

0.606 

Number  of  stator  blades 

13 

Number  of  rotor  blades 

22 

Blade  height  stator,  in. 

0.95 

Blade  height  rotor,  in. 

1.12 

Stator  chord  length  (mean),  in. 

1.720 

Rotor  chord  length  (mean),  in. 

1.026 

Stator  pitch/chord  ratio  (mean) 

0.700 

Rotor  pitch/chord  ratio  (mean) 

0.695 

(3)  Mechanical  Design 


(U)  Since  the  turbine  rotor,  shaft,  and  combustion  seal 

face  are  integrated  into  a  single  unit,  the  thermal  gradients,  stresses,  and 
resulting  growth  cf  the  turbine  rotor  must  be  kept  to  a  minimum  to  prevent 
seal  face  distortion.  The  most  severe  case  occurs  during  the  engine  start 
transient  when  the  turbine  shaft,  initially  at  ambient  temperature,  is  exposed 
to  the  hot  gas  at  the  maximum  design  temperature  of  l400°F  and  results  in 
extreme  temperature  gradients. 
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(U)  Heat-transfer  and  stress  analyses  of  various 

designs  indicate  that  the  solid  shaft  has  less  distortion  at  the  combustion 
seal  rubbing  face  than  a  hollow  shaft  design.  With  the  solid  shaft  design, 
the  seal  face  distortion  due  to  the  thermal  gradient  and  stress  was  reduced 
to  an  acceptable  value  of  0.0005  in.  displacement  between  the  inner  and  outer 
rim.  The  combustion  seal  operates  with  a  clearance  of  0.001  in.  The  maximum 
stresses,  along  with  the  corresponding  temperature  gradient  which  occurs 
during  the  start  transient,  are  shown  in  Figure  IV-5.  The  shaft  material  is 
Waspalloy . 

(U)  The  rotor  blade  stresses  were  determined  at  design 

and  at  the  110/5  overspeed  condition.  The  stress  analysis  consists  of  calcu¬ 
lating  the  loads  and  stress  due  to  gas  and  centrifugal  forces.  The  variable 
stress  is  assumed  to  be  one-third  the  gas  bending  stress,  and  the  mean  stress 
is  equal  to  the  gas  bending  plus  the  centrifugal  stresses.  Htri-«s  concentra- 
tions  and  stress  amplification  factors  due  to  blade  natural  frequencies  are 
included.  At  design  speed,  the  mean  stress  is  59,500  psi,  the  variable  stress 
is  23,400  psi,  and  the  allowable  mean  stress  is  71.000  psi  for  <=tres<’  concen¬ 
tration  factor  of  1.33  and  an  amplification  factor  of  2.37.  At  the  110$  over¬ 
speed  condition,  the  mean  stress  is  66,000  psi,  the  variable  stress  is  32,700 
psi,  and  the  allowable  mean  stress  is  66,000  psi  for  the  same  stress  concen¬ 
tration  factor  noted  above  and  \,ith  an  amplification  factor  of  3.32.  These 
values  are  shown  on  a  Goodman  diagram  in  Figure  IV-5.  The  allowable  stresses 
are  based  on  the  10-hr  stress  rupture  properties  of  Waspalloy  at  the  maximum 
relative  total  gas  temperature  of  1300°F.  This  corresponds  to  a  total  gas 
inlet  temperature  of  l400°F.  On  the  basis  of  the  above  stress  values,  the 
strength  properties  of  Waspalloy  are  adequate  for  the  design. 

(U)  Heat-transfer  and  stress  analyses  of  the  turbine 

stator  indicate  that  the  highest  stresses  occur  at  the  stator  support  flange 
and  the  leading  edge  of  the  stator.  At  the  maximum  design  inlet  temperature 
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of  lU00°F,  the  primary  stress  margin;,  of  safety  for  cast  Udimet-700  are 
greater  than  zero  while  the  primary  jlus  secondary  stress  (thermal  stress) 
margins  of  safety  show  local  yielding  will  occur.  However,  based  on  the  low 
cycle  fatigue  properties  of  the  material,  the  component  can  withstand  approxi¬ 
mately  100  restarts  before  failure  and  this  number  greatly  exceeds  the  number 
of  restarts  anticipated  at  the  maximum  inlet  temperatures  of  ll400°F. 

(4)  Performance  Tests 

( a)  Introduction 

(U;  Extensive  air  tests  were  performed  on  two 

models  of  the  ARES  turbine  (Figure  IV-6)  by  Dr.  M.  H.  Vavra.  Both  test 
turbines  (called  Mod  I  and  Mod  II,  respectively)  were  I.65  x  full  size 
aluminum  models . 

(U)  Scaling  was  required  to  fit  the  test  facility. 

Mod  I  is  a  model  of  the  ARES  turbine.  The  turbine  was  designed  with  highly 
twisted  rotor  blades  to  obtain  high  efficiency.  In  addition,  the  blades  were 
cf  tapered  thickness  from  root  to  tip  to  reduce  centrifugal  stresses.  The 
Mod  II  turbine  was  designed  as  a  modification  of  Mod  I  for  constant  section 
blades  with  no  twist.  Both  models  have  the  same  stator  and  rotor  throat 
areas,  but  different  blade  shapes  and  annulus  shapes  (Figure  1V-7) .  The 
purpose  of  the  tests  was  to: 

Establish  the  efficiency  and  weight  flow 
at  design  point. 

Generate  an  off-design  performance  map. 

Determine  the  effect  of  tip  clearance  on 
efficiency. 

Determine  the  locked-rotor  torque  as  a 
function  of  pressure  ratio. 
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Formulate  design  changes  xo  impr ore  perfor¬ 
mance  where  necessary. 

Compare  Mod  I  and  Mod  II  performance. 

(b)  Comparison  of  Mod  I  and  Mod  II  Design 


CU) 

Design  quantities  for  both  designs 

are  com- 

pared  below: 

Mod  I 

Mod  II 

Stator 

Rotor 

Stator 

Rotor 

2 

Throat  area,  in. 

4.7 

5-8 

4.7 

5-8 

Humber  of  blades 

13 

22 

19 

18 

Degree  of  reaction 

Root 

0.11 

0.09 

Tip 

0.57 

0.48 

Maximum  thickness /chord 

Root 

0.226 

0.310 

0.284 

0.367 

Mean 

0.17*1 

0.222 

Tip 

0.147 

O.llU 

Chord,  in. 

1.72 

1.026 

1.30 

1.19 

Pitch/chord  at  mean 

Root 

O.ObO 

0.030 

0.l4o 

0.178 

blade  height  leading 
edge  radius,  in. 

Mean 

0.025 

Tip 

0.020 

Trailing  edge  radius,  in. 

0.013 

0 .010 

0.0145 

0.0145 

Average  blade  height,  in. 

0.95 

1.12 

C  .88 

0.99 

Aspect  ratio  (h/c) 

0.552 

1.09 

0.677 

0.83 

Twist-,  root  to  tip,  degree 

0 

0 

0 

Stator-rotor  overlap,  in. 

0.016 

0.059 

Step  at  rotor  outlet,  in. 

n 

u 

0.400 
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(c)  Description  of  Test  Facility 
and  Instrumentation 


(U)  Figure  IV-8  is  a  sketch  of  the  test  facility. 

Air  from  a  compressor  enters  at  a,  flows  through  B,  C  and  D,  throv’h  the  test 
turbine  to  atmosphere. 

(U)  The  weight  flow,  w,  is  measured  with  a  flow 

nozzle.  The  turbine  power  is  absorbed  by  a  "Vortex"  air  dynamometer  (S).  The 
torque,  M,  is  measured  witi.  strain  gages.  The  exit  static  pressure  is  ambient, 

P  .  Six  Kiel  probes  and  two  thermocouples  ensure  the  inlet  total  pressure, 

8. 

Pmi,  and  inlet  total  temperature,  T^,  respectively.  The  rotational  speed,  N, 
is  measured  with  an  electronic  counter.  This  instrumentation  constitutes  the 
minimum  necessary  to  measure  the  overall  turbine  efficiency,  n. 


MU 

5252 


1  111  K 


/  P. 


'  Y-i 


For  one  test  point,  traversing  probes  were  used  to  measure  the  temperature, 
swirl  angle,  and  total  pressure  profiles  at  turbine  outlet.  The  bearing 
losses  were  considered  small  enough  to  be  ignored.  In  general,  the  turbine 
efficiency  is  estimated  to  be  accurate  to  within  +0.005,  i.e.,  0.800  to  0.810. 

( d)  Tests  Performed 

1  Mod  I 


(U)  The  Mod  I  design  was  tested  with  radial 

tip  clearance  of  0.020  and  0.033  in.  (The  larger  clearance  was  obtained  by 
increasing  the  inner  diameter  of  the  rotor  shroud.)  For  each  of  these  radial 
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tip  'Clearances,  the  axial  clearance  was  varied  from  0.090  to  0.410  in.  The 
pressure  ratio  was  varied  from  1.2  to  1.55,  and  the  speed  was  varied  from 
approximately  14, 000  to  16,000  rpm.  The  locked  rotor  torque  was  measured  for 
pressure  ratios  varying  from  1.2  to  1.55. 

2  Mod  II 

(U)  The  Mod  II  radial  tip  clearances  tested 

were  0.033,  0.024,  and  0.015  in.  The  axial  clearance  was  not  changed  but  kept 
at  0.410  in.  The  speed  was  varied  from  approximately  14,000  to  l6,000  rpm, 
and  the  pressure  ratio  was  varied  from  1.3  to  1.55. 

(e)  Overall  Test  Results 

1  Mod  I 

(U)  The  variation  of  axial  clearance  had  no 

effect  on  turbine  efficiency.  The  radial  tip  clearance  had  a  pronounced 
effect  on  efficiency.  Increasing  the  tip  clearance  from  0.020  to  C.033  in. 
decreased  the  efficiency  by  0.005  to  0.020  for  pressure  ratios  between  1.4 
and  1.5,  respectively,  and  the  average  decrement  was  0.0135#.  Figure  IV-9 
shows  the  variation  of  weight  flow  with  pressure  ratio  and  speed  for  a  tip 
clearance  of  0.033  in.  At  the  equivalent  design  point,  the  measured  weight 
flow  is  1.2J5  higher  than  the  design  value.  Figure  TV-10  presents  the  turbine 
efficiency  as  a  function  of  pressure  ratio  and  speed  for  0.033-in.  tip 
clearance.  The  aerodynamic  efficiency  at  the  equivalent  design  point  is 
n  =  O.865.  This  is  over  three  points  higher  than  predicted. 
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2  Mod  II 

(U)  The  variation  of  efficiency  with  tip 

clearance  was  more  erratic  than  for  the  Mod  I  model.  Increasing  the  tip 
clearance  from  0.014  in.  to  0.02k  and  0.033  in.  decreased  the  design  point 
efficiency  from  0.850  to  0.836  and  0.803,  respectively.  The  efficiency  at 
the  equivalent  design  point  is  0.803.  Figure  IV-9  shows  the  variation  of 
weight  flow  with  pressure  ratio  for  0.033-in.  tip  clearance  and  equivalent 
design  speed.  Figure  IV-10  presents  the  turbine  efficiency  as  a  function  of 
pressure  ratio  and  speed  for  0.033-in.  tip  clearance.  The  efficiencies  of 
the  models  are  compared  in  Figure  IV-9. 

(f)  Turbine  Exit  Traverses  for  Mod  I 

(U)  The  results  of  a  radial  traverse 

outlet  measuring  total  pressure,  temperature,  and  swirl  angle  at 
design  point  conditions  are  presented  in  Figure  IV-11. 

(U)  The  total  pressure  profile  has  the  usual  dip 

near  the  tip  showing  again  that  the  efficiency  is  lowest  in  the  tip  region 
due  to  clearance  effects.  The  temperature  profile  indicates  that  a  three- 
element  themocouple  rake  would  measure  an  efficiency  of  0.863,  whereas  the 
dynamometer  efficiency  for  this  point  is  0.856.  The  difference  of  0.005 
indicates  an  excellent  agreement  between  the  two  methods  of  efficiency 
measurements,  and  justifies  a  high  level  of  confidence  in  the  overall  test 
results . 


at  turbine 
approximate 


(g)  Discussion  of  Test  Results 

(U)  The  variation  of  axial  clearance  within 

practical  limits  has  very  little,  if  any,  effect  on  turbine  performance. 
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The  measured  variation  of  efficiency  with  tip  clearance  is  very  pronounced, 
especially  for  the  Mod  II.  No  explanation  is  available  yet  for  the  unexpected 
large  effect  of  pressure  ratio  on  tip  clearance  losses  and  for  the  larger 
degradation  of  efficiency  versus  increased  tip  clearance  of  the  Mod  II  model. 

(U)  For  the  Mod  I,  the  favorable  difference 

between  measured  and  design  efficiency  indicates  that  the  blade  loss  assump¬ 
tions  used  for  the  efficiency  estimation  are  conservative. 

(U)  The  difference  in  design  point  efficiency  of 

the  two  models  is  6.3  points.  This  difference  has  a  significant  effect  on 
the  turbine  inlet  temperature  required  for  an  engine  power  balance. 

(U)  The  small  difference  (1.2$)  between  the  design 

weight  flow  and  its  measurement  indicates  satisfactory  design  procedures  for 
throat  sizing. 

(U)  The  differences  between  Mod  I  and  Mod  II 

design  and  their  estimated  effect  on  efficiency  are  shown  in  the  following 
table . 


Mod  I  Med  II 

1.  Rotor  and  stator  throat  areas  are  identical  0  3 

2.  Degree  of  reaction  at  root  is  substantially  0  0 

the  same 

3.  Maximum  thickness /chord  ratio  is  higher  for  0  -0.2 

Design  II 

4.  Stator  leading  edge  radius  is  larger  for  Mod  II  0  0 

5.  Rotor  leading  edge  radius  is  larger  for  Mod  II  0  -0.2 

6.  Pitch/chord  ratio  of  stator  II  is  less  than  0  -0.1 

optimum 

7.  Rotor  trailing  edge  radius  is  larger  for  Mod  II  0  0 
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Mod  I 

Mod  II 

8. 

Stator  aspect  ratio  is  larger  for  Mod  II 

0 

0 

9. 

Rotor  aspect  ratio  is  larger  for  Mod  I 

0 

-0.2 

10. 

Rotor  twist  is  44  degrees  for  Mod  I  and 

0  degree  for  Mod  II 

0 

-5.0 

11. 

Stator-rotor  overlap  is  larger  for  Mod  II 

0 

-0.2 

12. 

Mod  II  has  step  behind  rotor 

0 

-0.4 

0.0 

-6.3 

(u) 

The  discrepancy  between 

the  measured  Mod 

and  Mod  II  efficiencies  can  be  attributed  mainly  to  the  fact  that  the  Mod  II 
rotor  blade  is  designed  with  zero  twist;  a  contributing  factor  is  the  blunt 
profile. 


(h)  Significance  of  Test  Results  for 
Engine  Performance 

(U)  The  aerodynamic  design  of  the  ARES  turbine 

assumed  a  0.020~in.  hot  running  tip  clearance;  however,  the  housing  increases 
0.018  in.  more  than  the  rotor  tip  between  start  and  design  point  operation. 

If  the  cold  clearance  is  maintained  at  0.020  in.,  the  clearance  at  design 
point  conditions  is  0.038  in.  On  the  basis  of  the  component  test  data,  this 
would  incur  an  extra  tip  clearance  penalty  of  0.031  for  the  Mod  I  and  0.09ri 
for  the  Mod  II  turbine.  The  latter  figure  seems  unbelievably  high  based  on 
standard  design  practice  for  predicting  tip  clearance  losses. 

(U)  An  additional  loss  is  due  to  coolant  injection 

in  front  of  the  rotor,  not  accounted  for  in  the  air  test  data,  and  the  amount 
of  this  loss  is  not  well  known.  Therefore,  a  loss  of  0.034  was  assumed  for 
both  turbines.  The  estimated  engine  turbine  efficiencies  with  these  added 
losses  are  listed  below. 
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Mod  I 

Mod  II 

Model  test 

0.865 

0.802 

Tip  clearance  correction  to  0.038  in. 

-0.031 

-0.031 

Coolant  entrance  correction 

-0.031+ 

-0.031+ 

0.800 

0.737 

(U)  If  the  Mod  il  turbine  efficiency  of  0.73?$  is 

used  for  the  engine  power  balance,  the  inlet  temperature  is  70  degrees  higher 
than  that  for  the  Mod  I  based  on  the  engine  power  balance  study.  Therefore, 
the  Mod  I  turbine  was  selected  in  order  to  maintain  lower  gas  temperature 
requirements  for  the  present  design  and  to  provide  greater  growth  potential 
in  future  applications. 

e.  Housing  Requirements  and  Design  Considerations 

(U)  The  T-housing  concept  is  unique  in  the  liquid  rocket 

engine  industry  because  this  concept  of  performing  many  functions  with  a 
single  housing  was  never  attempted.  The  advantage  of  using  this  concept  is 
that  it  reduces  the  engine  into  a  single,  lightweight,  compact  package.  The 
oxidizer  housing  performs  the  following:  (l)  collects  and  diffuses  oxidizer 
pump  flow,  (2)  delivers  and  distributes  the  flow  to  the  thrust- chamber  coolant 
tube  flange,  (3)  collects  and  distributes  the  flow  to  the  primary  combustor 
and  acts  as  a  cooled  primary  combustor  housing,  (1+)  directs  and  distributes 
the  turbine  hot-gas  flow,  (5)  transmits  the  engine  thrust  to  the  gimbal,  ana 
(6)  supports,  along  with  the  fuel  housing,  the  turbopump  rotating  shaft 
assembly . 

(U)  To  perform  these  many  tasks,  several  housing  designs 

were  considered.  These  included  two-  and  three-walled  designs  with  welded 
and  unwelded  flow  passage  ribs.  After  an  extensive  investigation,  the 
decision  was  reached  that  the  three-walled  housing  with  welded  ribs  would  be 
the  most  reliable  and  least  costly  to  the  program  for  a  100J5  regeneratively 
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cooled  thrust  chamber.  However,  for  100$  transpiration-cooled  or  20$  regenera- 
tively  cooled  thrust  chamber  designs,  the  two-walled  welded  rib  housing  appears 
less  costly  while  maintaining  the  same  reliability.  The  latter  condition 
results  when  the  housing  does  not  deliver  a  major  portion  of  the  oxidizer  flow 
to  the  thrust  chamber  for  cooling.  Hence,  the  latter  two  thrust- chamber 
cooling  concepts  reduce  the  number  of  tasks  the  oxidizer  housing  must  perform 
and,  therefore,  simplify  the  design.  A  detailed  discussion  of  the  housing 
design,  fabrication,  and  testing  is  given  in  Section  IV, C. 

f.  Power  Transmission 

(l)  Requirements  and  Design  Considerations 

(U)  The  ARES  power  transmission  requirements  are: 

(l)  the  first  lateral  resonant  frequency  of  the  shaft  must  be  20$  above  the 
design  speed  of  40,000  rpm,  (2)  the  AeroZINE  50  lubricated  ball  bearing  and 
thrust  balancer  combination  must  have  the  capability  to  support  the  transient 
and  steady-state  axial  loads,  (3)  the  AeroZINE  50  and  NgO^  lubricated  roller 
bearings  must  have  the  capacity  to  support  the  transient  and  steady-state 
radial  load,  (4)  the  oxidizer  pump  wear  rings  must  limit  the  internal  leakage 
consistent  to  engine  cycle  efficiency  requirements  as  well  as  minimize 
transient  and  steady-state  potential  rubbing  conditions  without  impeller  damage 
or  catastrophic  failure  (explosion),  (5)  the  fuel  pump  labyrinths  must  reliably 
control  the  flow  to  the  thrust  balance  piston  (integral  with  the  first-stage 
fuel  pump),  and  (6)  effective  sealing  must  be  accomplished  between  the  turbine 
oxidizer-rich  hot  gas  and  the  fuel  pump  either  by  controlled  fuel  leakage  and 
controlled  local  combustion  or  by  complete  separation  (utilizing  a  high  pres¬ 
sure  inert  buffer  fluid). 

(U)  To  ensure  that  these  requirements  were  met,  exten¬ 

sive  analyses  were  performed  and  test  evaluation  programs  were  conducted  as 
discussed  in  the  following  paragraphs. 
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(2)  Critical  Speed 

(U)  An  extensive  critical  speed  analysis  was  performed; 

the  results  are  referenced  in  Appendix  I,  Section  3.  This  analysis  included 
a  parametric  study  of  design  variables  such  as  rotating  component  weights, 
impeller  overhang,  roller  bearing  span,  end  bearing  sizes  (shaft  size).  These 
cases,  suaa&rised  in  the  eng'.ne  handbook,  illustrate  that  changes  in  the 
oxidizer  pump  side  greatly  influence  the  critical  speed,  whereas  changes  on 
the  fuel  side  have  a  much  smaller  effect.  The  final  design  critical  speed, 
including  the  combined  influence  of  housing  and  thrust-chamber  weights,  was 
above  the  requirement  of  48, 00(.  rpm. 

( 3)  Axial  Ihrust  Balancer 

(U)  The  axial  forces  acting  on  the  turbopump  rotating 

assembly  are  vejy  large  (approximately  200,000  lb  in  each  direction),  and 
each  1%  error  in  predicting  axial  thrust  results  in  a  2000- lb  axial  force. 

A  steady-state  operating  thrust  balance  can  theoretically  be  obtained  by  the 
proper  location  of  impeller  wear  rings  and  the  proper  sizing  of  flow  restrictors. 
A  mathematical  model  of  the  rotating  system  pressure  areas  and  pertinent  flow 
networks  was  constructed  and  programed  for  computer  analysis.  From  this 
analysis,  the  design  for  steady-state  thrust  balance  was  determined  as  well  as 
the  effects  of  va:rying  significant  parameters.  It  was  concluded  that,  with 
load  summations  of  such  large  magnitudes,  normal  manufacturing  tolerances  and 
pressure-caused  deflections  could  result  in  unbalance  loads  higher  than  desir¬ 
able  for  ball  bearing  life  requirements.  Considering  these  possible  high 
loads  as  well  as  the  loads  from  normal  off-design  transient  operation,  it  was 
concluded  that  a  thrust  balance  device  should  be  included  in  the  design. 

(U)  To  compensate  for  variable  axial  loads,  it  is 

necessary  to  have  a  thrust  balancing  system  that  is  sensitive  to  axial  motion. 
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The  balancing  system  designed  for  the  ARES  turbopump  consists  of  a  double¬ 
acting  balance  piston  integral  with  the  first-stage  fuel  impeller  as  shown  in 
the  turbopump  layout  (Figure  IV-l)  and  in  greater  detail  in  Appendix  I, 

Section  3.  Pressure  cavities  (areas)  on  both  sides  of  the  piston  provide  the 
forces  for  thrust  compensation.  These  cavities  are  supplied  from  the  impeller 
discharge  through  labyrinth  wear  rings  of  a  fixed  radial  clearance  (0.007  in.) 
and  vented  by  variable  radial  slots  located  at  the  impeller  inlet  eye  outer 
diameter.  Axial  clearance  of  these  slots  (lands)  at  the  null  or  zero  load 
position  is  0.010  in.  Figure  3. 1.2-2  of  Appendix  I,  Section  3,  shows  the  load 
capacity  (+15,000  lb)  and  the  flow  requirements  (l^O  gal/min  at  null)  of  the 
balance  piston  as  a  function  of  axial  travel. 

(U)  A  thrust  ball  bearing  package  consisting  of  a 

duplex  "DB"  pair  mounted  in  a  radial  and  axial  flexible  nousing  is  used  xo 
support  the  axial  loads  during  start  and  stop  transients  and  as  an  axial  stop 
in  extreme  rotating  assembly  axial  movements.  The  principle  used  here  is  two 
ball  bearings  lightly  preloaded  back-to-back  in  a  retainer  that  is  supported 
in  the  axial  direction  by  a  relatively  stiff  diaphragm  (spring  rate  =  57,000 
lb/in.),  which  is  controlled  by  axial  stops  in  the  turbopump  housing,  and  is 
very  flexible  in  the  radial  direction  (Figure  IV-12).  Axial  movements  of  the 
rotating  assembly  are  thus  controlled  by  the  stops  which  are  set  at  +0.007  in. 
and  prevent  axial  contact  of  the  thrust  piston  which  has  +0. 010-in.  clearance. 
The  stiff  axial  diaphragm  also  centers  the  rotating  assembly  in  the  static  or 
nonrotating,  nonpressurized  position. 

(U)  Figure  IV-13  is  a  plot  of  a  typical  start-transient 

unbalance  force  and  rotating  assembly  axial  displacement  from  the  computer 
mathematical  model.  The  maximum  deflection  occurs  toward  the  oxidizer  pump 
at  approximately  1.7  sec  when  the  pressure  levels  are  relatively  low.  The 
maxi  mm  ball  bearing  load  is  370  lb,  and  the  thrust  balancer  load  is  6U5  lb 
toward  the  oxidizer  pump.  As  the  pressure  levels  throughout  the  turbopurap 
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rise,  the  thrust  reverses,  as  do  the  deflections.  The  ball  bearing  load  and 
thrust  balancer  load  (which  has  achieved  a  larger  capacity  at  this  time  and 
rpm)  are  370  and  3000  lb,  respectively,  in  the  direction  of  the  fuel  pump. 

Note  that  for  this  case  as  steady-state  conditions  are  reached,  the  axial 
deflection  does  not  return  to  zero.  A  return  to  zero  could  be  accomplished 
by  slight  changes  in  wear  ring  or  shaft  labyrinth  geometry.  However,  this 
steady-state  condition  of  0.003b-in.  axial  displacement  and  2100-lb  imbalance 
would  be  acceptable  and  would  be  within  the  expected  allowable  variation 
resulting  from  production  tolerances. 

(4)  Bearings 

(U)  The  ARES  turbopump  shaft  is  radially  supported  by 

two  108-size  anti  friction  roller  bearings  and  axially  supported  by  a  combined 
system  of  a  hydrostatic  thrust  balancer  and  an  antifriction  108-size  ball 
bearing  duplex  "DB"  set.  As  discussed  in  the  thrust  balance  section  above, 
the  main  purpose  of  the  ball  bearings  is  to  support  the  axial  loads  during 
start  and  stop  transients.  One  roller  bearing  is  lubricated  by  1^0^  and  the 
other  by  AeroZINE  50.  The  ball  bearing  "DB"  set  is  lubricated  with  AeroZINE  50. 
Design  speed  is  1*0,000  rpm  or  1.6  x  10^  DN  for  108,  i*0-mm  bore,  size  bearings. 
Roller  bearing  steady-state  and  transient  load  design  requirements  were  500 
and  1000  lb,  respectively.  The  ball  bearing  duplex  "DB"  set  has  a  design 
axial  preload  of  50  lb  and,  in  turn,  is  not  expected  to  support  transient 
axial  loads  larger  than  +1000  lb.  The  thrust  balancer  will  support  steaoy- 
state  and  high  transient  axial  loads.  Figure  IV-12  illustrates  the  load 
versus  life  relationship  of  the  ARES  design  ball  bearing  for  both  high  and 
low  loads.  The  original  turbopump  design  (without  thrust  balancer)  and  conse¬ 
quently  the  work  statement  requirement  for  the  ball  bearing  steady-state  and 
transient  loads  were  1000  and  2500  lb,  respectively.  As  can  be  seen  from 
these  life  versus  load  curves,  the  use  of  the  thrust  balancer  to  support  the 
high  loads  and  thereby  maintaining  low  ball  bearing  loads  increases  the  ball 
bearing  probable  life  approximately  100  to  1. 
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(U)  The  maximum  turbopump  housing  deflections  from 

combined  pressure  and  temperature  changes  were  estimated  to  be  0.030  in.  axial 
and  0.012  in.  radial.  Axial  movements  of  this  magnitude  are  no  problem  to  the 
roller  bearings.  However,  as  shown  in  Figure  IV-14,  bearing  life  decreases 
rapidly  with  radial  misalignment.  For  the  expected  steady-state  load  of  500 
lb,  life  of  the  108-size  roller  bearing,  as  designed,  decreases  from  1550  hr 
(aligned)  to  35  hr  at  0.012-in.  misalignment.  To  maintain  bearing  alignment 
and  thus  a  higher  life,  the  roller  bearings  were  designed  with  spherical 
mounting  seats  on  the  outer  race  outer  diameter  as  shown  in  Figure  IV-llt.  If 
the  housing  distortion  proves  to  be  as  low  as  .ow  anticipated,  the  spherical 
seats  could  be  eliminated. 

(U)  A  test  program  was  conducted  to  evaluate  the  ball 

and  roller  bearing  designs  in  simulated  turbopuirp  operating  conditions.  All 
work  statement  requirements  were  met.  Detail  bearing  designs  and  test  results 
are  discussed  in  Section  IV, G. 

(5)  Wear  Rings  and  Shaft  Labyrinth 

(U)  Designs  of  the  wear  rings  and  shaft  labyrinths  for 

the  turbopump  were  based  upon  three  basic  requirements:  (l)  to  limit  internal 
leakages  consistent  with  efficiency  requirements  and,  as  in  the  case  of  shaft 
labyrinths,  consistent  with  bearing  cooling  requirements,  (2)  to  operate 
safely  and  reliably  at  close  clearances  without  hardware  damage  or  catastrophic 
failure  (explosion),  and  (3)  to  provide  a  repeatable  axial  thrust  balance  by 
proper  radial  location  and  the  maintaining  of  constant  running  clearances. 

(U)  A  test  program  was  conducted  to  evaluate  four  basic 

wear-ring  designs:  (l)  straight  labyrinth,  (2)  stepped  labyrinth,  (3)  hydro¬ 
static  face  seal,  and  (4)  hydrostatic  journal  seal.  All  work  statement  require¬ 
ments  were  met.  Detail  designs  and  test  results  are  discussed  in  Section  IV, H. 
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Designs  selected  for  the  turboprop  were  based  upon  the  results  of  this  test 
program.  These  designs  are  incorporated  in  the  turboprop  layout  (figure  IV-l) 
and  are  shown  in  greater  detail  in  Appendix  I,  Section  3-  Figure  3. 3.1-1  of 
Appendix  I  shows  the  oxidizer  impeller  and  the  hydrostatic  face  wear-ring 
seals  selected  for  that  location.  Figure  3. **.1-1  of  Appendix  I  shows  the  fuel 
impeller  and  the  pressure-relieved  (balanced)  Kynar*  labyrinth  wear-ring 
inserts  selected  for  that  location.  The  three  shaft  labyrinths  on  the  oxidizer 
pump  side  (see  the  turbopuap  layout  in  Figure  IV-l)  incorporate  Vespel  5P-2J** 
rubbing  inserts  and  the  two  shaft  labyrinths  on  the  fuel  pump  side  incorporate 
Kynar*  rubbing  inserts. 

(6)  Oxidi~er-Fdch  Gas-Fuel  Shaft  Seal 

(C)  The  turboprop  design  requires  sealing  AeroZIKE  50 

in  the  fuel  pump  bearing  cavity  from  turbine  exhaust  oxidizer-rich  gases  at 
3000  psig  and  1100°F.  This  requirement  with  the  l*0,000-rpm  rotational  speed 
is  beyond  conventional  sealing  technology.  The  AeroZIKE  50  pressure  at  xhe 
inside  diameter  of  the  seal  was  a  design  variable  set  at  3000  psig  to  minimize 
the  pressure  differential  to  be  sealed.  Since  any  uncontrolled  leakage  of 
either  fluid  into  the  other  could  result  in  a  catastrophic  failure,  only  two 
approaches  were  considered  as  feasible.  These  were  a  controlled  combustion 
seal  and  a  seal  incorporating  a  higher  pressure  inert  buffer  fluid.  Obviously, 
the  complication  and  weight  of  a  third  fluid  system  is  undesirable.  Conse¬ 
quently,  the  primary  approach  was  the  controlled  combustion  seal  and  the 
secondary  approach  was  the  buffer  fluid  or  purge  seal.  Hydrostatic  sealing 
principles  were  selected  for  both  seal  concepts  to  prevent  surface  contact  at 
the  high  rotational  speed. 

*Kynar  is  a  polymer  of  vinylidene  fluoride  manufactured  by  the  Pennsalt 
Chemicals  Corp.  of  Philadelphia,  Pa. 

**Vespel  SP-21  is  a  graphite-filled  aromatic  polyimide  resin  manufactured 
by  E.  I.  duPont  De  Nemours  £  Co.  of  Wilmington,  Delaware. 
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(C)  Detail  designs  were  made,  hardware  was  fabricated 

for  both  concepts,  and  test  evaluation  programs  were  conducted. 

(a)  Combustion  Seal 

(U)  The  combustion  seal  desig  is  an  orifice- 

compensated  hydrostatic  seal  operating  on  a  fluid  film  >. .  AeroZINE  50. 

Leakage  of  AeroZINE  50  to  the  oxidizer-rich  hot  gas  is  constant  and  repeatable. 
Mixture  ratio,  and  thus  local  temperature,  is  controlled  by  the  addition  of 
oxidizer  coolant  flows  upstream  and  downstream  of  the  fuel  injection.  Feasi¬ 
bility  of  this  seal,  including  restart,  has  been  demonstrated  in  short-duration 
tests;  however,  the  program  duration  of  60  seconds  operation  has  not  been 
achieved.  Detail  design  and  test  results  are  discussed  in  Section  IV, I. 

(b)  Purge  Seal 

(U)  The  purge  seal  design  is  an  orifice-compensated 

hydrostatic  seal  operating  on  a  fluid  film  of  inert  iquid.  This  inert  liquid 
provides  a  higher  pressure  barrier  between  the  AeroZHE  50  and  oxidizer-rich 
gas.  Detail  design  and  test  results  are  discussed  in  Section  IV ,J. 

g.  Turbopump  Integration 

(l)  Interfaces 

(U)  Th<=>  high  degree  of  integration  in  the  T-turbopump 

design  introduces  interface  requirements  that  can  significantly  affect  the 
design  or  performance  of  each  component.  Consequently,  critical  turbopump 
interface  dimensions  were  established  early  in  Phase  I  and  are  included  in  the 
TPA  layouts,  Appendix  I,  Section  3.  Thrust-chamber,  primary  combustor,  and 
valve  interface  dimensions  were  made  on  released  drawings  and  this  effort  was 
coordinated  by  the  Engine  Department. 
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(U)  The  high  degree  of  component  integration  also 

introduces  many  interactions  between  the  various  major  components  and  these 
include  load  sharing,  cold  and  hot  running  operating  clearances,  heat  genera¬ 
tion,  and  flow  distribution.  The  effect  of  these  interactions  was  considered 
in  the  design  of  each  component. 

(2)  Clearances 


(U)  The  turbopump  stackup  and  shimming  requirements 

are  given  in  Appendix  I,  Section  3,  TPA  Layout  Drawings.  In  addition,  a 
summary  of  critical  pump  buildup  and  operating  clearances  that  result  from 
housing  growth  and  distortions  caused  by  operating  temperatures  and  pressures 
is  presented  in  the  following  table: 


Oxidizer  housing-bearing  fit 
Fuel  housing-bearing  fit 
Fuel  impeller  wear  ring-housing 
Oxidizer  impeller 


Critical  Clearances,  in, _ 

Axial _  Radial 

Hot  Hot 


0.050 


0.028* 

O.Ol+O** 


0.0001 


0.0001 


0.009 


0.00018* 
0.0007** 
0.0001+9* 
0.00030** 
0.007  (nom) 
O.Ooit  (min) 


Fuel  impeller  balance  piston  land  0.010  0.003-0.017 

Primary  combustor-oxidizer  housing  0.0055  0.0016  (nom) 
Turbine  rotor  tip-shroud  0.020  0.038  (nom) 
Turbine  stator  shroud-primary  combustor  0.0h0  0.010  (nom) 
TurMne  stator-rotor  0.090  O.O85 


*Start  transient  condition 
**Steady-state  condition 

NOTE:  Conditions  considered  include  housing  temperature  (100°F  maximum  on  inner 
surface  on  oxidizer  side  and  250CF  on  fuel  side),  housing  growth  and 
misalignment,  shaft  deflections  (critical  speed  and  unbalanced  loads), 
0.0015  radial  runout,  and  impeller  growth. 
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( 3)  Filters 

(U)  Because  of  the  small  internal  clearance  of  the  shaft 

bearings  ( 0.001  in.),  and  the  small  operating  clearance  of  the  combustion  seal 
(0.001  in.  or  less),  filters  are  incorporated  in  the  turbopump  design  at  three 
locations  (Figure  IV-l)  to  filter  the  propellants  flows  to  these  components. 

A  2-micron  filter  is  located  at  the  second-stage  fuel  pump  discharge  upstream 
of  the  combustion  seal  where  approximately  8  6al/min  is  filtered.  Filters  of 
10  microns  are  located  at  the  second-stage  fuel  pump  inlet  and  at  the  oxidizer 
back  wear-ring  location.  All  bearing  and  shaft  labyrinth  flows  are  supplied 
from  these  two  sources.  To  verify  calculated  pressure  drops  in  the  design, 
sample  filters  were  tested  in  water  and  the  results  are  shown  in  Figure  IV-15. 
The  most  critical  filter,  regarding  pressure  drop  and  plugging,  is  the  second- 
stage  fuel  inlet  design  because  of  the  high  flow  rate  (l80  gal/min) .  The 
design  pressure  drop  for  this  filter  was  100  psi  and  the  actual  value  is  25  psi. 
This  margin  is  adequate  to  allow  for  plugging. 

(4)  Instrumentation 

(U)  Because  of  the  high  degree  of  component  integration, 

provisions  for  a  major  portion  of  the  engine  instrumentation  must  be  included 
in  the  oxidizer  and  fuel  pump  housings.  The  inaccessibility  in  some  areas 
limited  the  number  of  instrumentation  probes;  however,  sufficient  instrumenta¬ 
tion  is  included  to  measure  the  performance  or  operating  behavior  of  each 
component . 

(u)  A  layout  of  the  instrumentation  type  and  location 

is  shown  in  Appendix  I,  Section  3.  The  instrumentation  measurements  include: 

(l)  TPA  speed  pickup  on  fuel  impeller  shroud;  (2)  pump  suction  and  discharge 
pressure;  (3)  primary  combustor  fuel  valve  inlet  and  exit  pressures;  (4)  pri¬ 
mary  combustor  propellant  inlet  pressures  and  hot-gas  exit  pressure  and 
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temperature ;  (5)  turbine  inlet  and  exit  temperatures  and  pressures;  (6)  inducer 
and  Impeller  discharge  static  pressures;  (7)  bearing  outer  race  temperature  and 
bearing  cavity  pressure;  (8)  fuel  impeller  (balance  piston)  axial  position; 

(9)  thrust  bearing  axial  load,  and  (10)  boost  pump  hydraulic  turbine  feed 
pressure.  In  some  cases,  where  accessibility  permits  and  the  measurement  is 
considered  critical  to  the  component  performance  analysis,  the  instrumentation 
is  redundant. 


3.  Conclusions  and  Recommendations 


(U)  a.  The  ARES  high-pressure  T-engine  turbopump  design  has 

been  completed.  This  design  includes  modifications  to  incorporate  information 
learned  from  the  Phase  I  turbopump  test  programs.  This  turbopump  will  provide 
simplified  concepts  with  high-efficiency  components  at  a  weight  of  3^7  lb  for 
the  turbopump  and  primary  combustor.  Boost  pumps,  which  weigh  35  lb,  have 
been  designed  for  low  NPSH  applications.  Higher  NPSH  requirements  would  allow 
lighter-weight  boost  pumps. 

(U)  b.  The  critical  features  of  the  T-engine  turbopump  have 

been  demonstrated  except  the  hydrostatic  combustion  seal  which  requires  tests 
of  longer  duration.  The  demonstrations  have  shown: 

(l)  The  T-engine  housing  has  been  demonstrated  to  be 
structurally  sound.  A  high  degree  of  confidence  has  been  developed  in  the 
analysis  of  the  T-housing.  An  improved  housing  nas  been  designed  which  will 
further  minimize  deflections  and  is  estimated  to  reduce  the  weight  to  251*  ,1b. 

If  a  transpiration-cooled  thrust  chamber  is 'Selected  for  Phase  II,  further 
design  simplification,  weight  reduction,  and  cost  reductions  could  be  achieved. 
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(2)  Ball  and  roller  bearing  operation  in  both  propel¬ 

lants  has  been  demonstrated  at  DN  values  of  1.6  x  10^,  Additional  bearing 
testing  is  recommended  to  establish  bearing  storage  li  “e  capability  in 
AeroZIHE  50  and  propellants . 

(3)  Single-stage  turbine  efficiencies  of  80t$,  including 
parasitic  flow  losses,  have  been  demonstrated  in  cold  flow  testing  at  the  1.5 
pressure  ratio  of  the  staged  combustion  cycle. 

(4)  Hydrostatic  seal  pump  wear  rings  have  been  demon¬ 
strated  in  with  pressure  drops  in  excess  of  4000  psi.'  Inert  plastic  wear 
rings  have  beer,  demonstrated  in  AeroZINE  50  with  pressure  drops  in  excess  of 
2500  psi . 
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C.  ENGINE  HOUSING,  T-CONFIGURATION 

1.  Objectives  and  Approach 

(C)  The  primary  objectives  of  Phase  I  of  the  advanced  turbopum]i-  •, 

housing  program  were  to  design  and  demonstrate  a  housing  that  would  contain 
the  required  fluid  and  gas  pressures,  transmit  the  fluids  from  station ;td 
station  with  minimum  pressure  drops,' provide  a  stable  base  for  the  rotating’’  . 
components,  and  transmit  the  thrust  load  developed  by  the  thrust  chamber  to 
the  missile  frame.  The  housing  had  to  be  suitable  for  either  the  regenera- 
tively  cooled  or  the  transpiration-cooled  thrust  chamber. 


(C)  The  criteria  for  success  were  defined  as  follows:  a 

housing  weighing  not  more  than  350  lb  and  having  a  permanent  axial  deflection 
of  less  than.  0.020  in.  and  a  radial  misalignment  of  less  than  0.008  in.  between 
roller-bearing  locations  when  loads  of  1.4  times  nominal  design  pressures  ■ 
and  1.4  times  nominal  design  thrust  were  applied  simultaneously.  In  addition, 

A  > 

.the  housing  could  not  have  a  critical  mode  of  vibration  in  the  X,  Y  or  Z 
axis  in  the  range  of  667  +  10#  cps  without  pressure  or  with  the  cavities  , , 

pressurized  to  1.2  times  nominal  design  pressure  when  an  exciting  force  of 

•  lg  input  acceleration  amplitude  was  applied. 


(C)  The  secondary  objectives  of  the  program  were  to  design  a 

final  housing  which  would  have  a  nominal  oxidizer-fluid  pressure  drop  from 
t’  e  oxidizer-pump  discharge  to  the  thrust-chamber  flange  and  from  the  thrust- 
chamber  flange  to  the  ordinary  injector  of  250  psi  or  less.  The  housing  walls 
had  to  be  kept  cool  to  minimize  thermal  stresses  and  deflections.  The  cost 

,  r  • 

of  the  housing  was  to  be  minimized  while  maintaining  high  reliability.  The 
internal  rotating  parts  and  the  primary  injector  were  to  be  removable  during 
development  testing  in  Phase  II. 


W~'-’ 
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>"  ’  ' 

*  ■  ••  T-conflgTaratioii  was  selected  for its  minimum  package 

V  •  pi'jftiiig  an d‘  resist ance to  th^  thrust  loads 

‘  ,  '  it  ^  '  ‘  *%*>•>&!'  '  V-'-*  -v^S  ‘  ^ 

‘  irq5<bsed  with  .minimum  housing  weight,  the  T- turbopump  oxidizer  housing  was 
,,  designed  as  a  three-walled  unit.  The  three  walls  were  structurally  fastened 

dance  ribs  which  also  formed  two  discrete  passages  for 
"  oxidizer-discharge  flow  to  the  thrust-chamber  cooling  tubes  and  the  oxidizer- 

-  return  flow  from  the  cooling  tubes  to  the  primary  injector.  In  addition,  the 

oxidizer  flow  cooled  the  inner  wall,  which  was  exposed  to  the  hot  gases  from 
the  primary  combustor  and  turbine. 

...  ,  ,  v  .  The  fuel  housing  was  made  as  a  separate  unit  which  was 

pressed  into  the  oxidizer  housing  and  bolted  in  place.  This  configuration 
allowed  sufficient  access  to  remove  the  primary  injector  and  hot-gas  shields 
for  examination  and  replacement  during  Phase  II  testing.  The  fuel  housing 
contained  the  two  fuel-pump  volutes,  and  the  primary  fuel-control  valve,  and 
transmitted  fuel  between  pumps,  to  the  secondary  injector,  to  the  primary 
injector,  and  to  the  combustion  seal. 

(U)  The  integrated,  three-walled  T-configuration  presented  a 

difficult  fabrication  and  analytical  problem  for  stresses  and  deflections. 

The  literature  studies  revealed  that  limited  information  was  available  on 
intersecting  cylinders  (References  1  through  6).  This  information  was 
restricted  to  single-walled  units  and  was  either  highly  empirical  or  applicable 
only  to  special  cases.  To  augment  this  information,  five  tasks  were  performed 
to  obtain  the  required  structural  design  criteria. 
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( U)  The  first  task  was  to  build  and  test  a  full-scale,  single- 

walled  housing  of  similar  T-configuration  to  determine  the  stress-concentration 
factors  at  the  intersection  of  the  T-section  with  the  main  cylinder  and 
preliminary  deflection  characteristics  of  the  basic  shape  under  pressure. 

(U)  The  second  task  was  to  build  and  test  a  full-scale,  two- 

walled  housing  of  the  T-configuration  to  determine  the  effect  of  internal 
ribs  on  stress  concentrations  at  the  T-intersection  and  deflection  character¬ 
istics  with  and  without  external  ribs  under  pressure  and  thrust  loads. 

(ll)  The  third  task  was  to  build  two  half-scale  photoelastic 

models  with  wall  thicknesses  simulating  the  tensile  rigidity  of  the  three- 
walled  housing.  One  model  was  pressurized  and  stress- frozen.  The  second 
model  was  pressurized  with  thrust  load  applied  and  stress-frozen.  The 
photoelastic  slices  cut  from  the  model  provided  stress  patterns  as  well  as 
additional  information  on  the  stress-concentration  areas. 

( U)  The  fourth  task  was  to  revise  and  check  the  present  finite- 

element-analysis  computer  program  (Reference  7)  to  make  it  applicable  to  the 
intersection  of  two  cylinders . 

(U)  The  fifth  task  was  to  build  two  full-scale,  three-walled 

housings  to  determine  the  fabrication  techniques  and  quality  control 
required  for  manufacturing.  One  of  these  structural  prototypes  was  used  to 
determine  the  deflections  and  stresses  during  pressure  and  thrust  loading 
and  the  vibration  characteristics  of  the  housing  in  order  to  meet  the  work 
statement  requirements.  The  full-scale  prototype  contained  all  critical 
structural  features  of  the  final  housing  design. 


Page  IV-i*2 

UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 
IV,  C,  Engine  Housing,  T-Configuration  (cont.) 

(U)  In  addition,  heat-transfer  and  flow  data  were  .obtained  to 

evaluate  the  housing  design.  Air-test  models  were  constructed  to  determine 
the  passage  pressure  drops  and  mass-flow  distributions  with  various  internal 
rib  patterns  and  passage  heights  as  described  in  Section  VIII  A. 

(U)  These  activities  culminated  in  the  design  of  a  housing  for 

Phase  II  turbopump  and  engine  tests. 

2.  Model  Testing 

a.  Metal  Model  I 

(1)  Objectives  and  Description 

(U)  The  stress-concentration  factors  and  deflections  of 

the  T-housing  are  influenced  by  the  pressure  loading  and  the  thrust  loading. 

The  objectives  of  Metal  Model  I  were  to  determine  stress  concentration  factors 
and  deflections  under  pressure  loading  only.  The  full-scale  housing  was  a 
single-walled  unit  without  reinforcing  ribs  at  the  T-intersection.  This 
minimized  interpretation  complexity  when  the  test  data  were  used  to  confirm 
stress  and  deflection  hypotheses .  The  housing  was  designed  on  the  basis  of 
structural  shape  and  wall  stiffness  similarities  to  the  three-walled  prototype. 

(2)  Fabrication 

(U)  Metal  Model  I  was  fabricated  from  normalized  SAE 

4130  steel  rather  than  Inconel  718  material  used  for  the  three-walled  prototype 
to  speed  fabrication  and  reduce  costs.  The  fuel  housing  was  held  in  position 
by  a  bolted  flange.  The  main  cylinder  and  T-section  of  the  oxidizer  housing 
were  fabricated  from  0.5-in.  wall  thickness  pipe.  The  oxidizer  dome  and  fuel 
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housing  were  Machined  from  forgings.  The  oxidizer  dome  was  welded  to  one 
end  of  the  main  cylinder  and  an  internal  ring  was  welded  on.  the  inside  of  the 
T-section  cylinder  to  form  the  thrust  chamber  flange  and  provide  a  closure 
attachment  surface. 


(3)  Test 

(u)  Two  tests  were  conducted  on  metal  Model  I  (Figure 

IV-l6-a) .  The  pressure  used  was  based  on  the  ratio  of  yield  strengths 
between  Inconel  718  and  SAE  4130  materials  times  the  highest  internal  gas 
proof  pressure  of  the  three-walled  structural  prototype.  The  SAE  4130 
material  had  a  yield  strength  of  50?S  of  the  yield  strength  of  the  Inconel  718. 

(a)  Test  1 

Test  I  was  the  internal  pressurization  of 
the  model  in  50-psi  increments  to  1200  psig  with  a  brittle  lacquer  coating 
applied  to  the  outer  surface.  This  test  was  used  to  determine  from  cracks  in 
the  brittle  coating  the  approximate  magnitude,  location  and  direction  of  the 
principal  stresses  and  the  stress  gradients  on  the  external  surface.  This 
information  was  used  to  locate  strain  gages  for  the  next  test  phase  and  to 
obtain  a  preliminary  evaluation  of  structural  response. 

(b)  Test  2 

(U)  Test  2  was  the  internal  pressurization  of  the 

model  in  250-psig  increments  to  2500  psig  with  internal  and  external  strain 
gages,  and  axial  and  radial  deflection  transducers  to  determine  the  magnitude 
and  direction  of  the  internal  and  external  surface  stresses,  the  bending 
stresses,  the  radial  expansions  of  the  main  cylinder  and  the  T-section, 
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the  relative  axial  displacement  and  the  relative  rotation  of  the  simulated 
bearing  housings  at  each  end  of  the  main  cylinder. 

(It)  Test  Results 

(U)  The  results  of  Metal  Model  1  testing  are  shown  in 

Figures  IV-16  and  -IT.  The  comparison  of  the  stress  concentrations,  deflec¬ 
tions  and  rotations  of  Metal  Model  I  to  the  three-walled  prototype  are  given 
in  Figure  IV-17.  The  model  test  indicated  that  the  bearing  angular  rotation 
to  be  expected  in  the  three-walled  prototype  would  be  less  than  1  minute.  The 
maximum  stress  level  expected  in  the  three-walled  prototype  would  be  106,000  psi 
at  1.2  x  design  operating  pressure  including  a  stress  concentration  factor  of 
1.7.  The  deflection  characteristics  of  the  basic  housing  shape  are  shown  in 
Figures  IV-16-c  and  -d.  Figures  IV-l6-c  and  -d  show  the  linear  deflections  of 
the  bearing  housings  and  the  sides  of  the  housing  with  increasing  pressure. 

The  deflection  of  the  oxidizer  end  was  86$  of  the  total  deflection  at  maximum 
pressure.  This  indicated  that  special  care  must  be  taken  in  the  design  of  the 
oxidizer  dome  to  minimize  axial  deflection  under  pressure. 

b.  Metal  Model  II 

(l)  Objectives  and  Description 

(U)  The  objectives  of  the  Metal  Model  II  testing  were 

to  determine  the  effect  of  the  two-walled  structure  with  internal  rib  construc¬ 
tion  on  the  T-shaped  turbopump  housing  stress  concentration  factors  and 
deflection  characteristics  under  internal  pressure  and  thrust  loadings.  In 
addition,  the  effectivity  of  external  ribs  and  the  efficiency  of  a  single 
externally  threaded  ring  closure  to  retain  the  fuel  housing  were  determined. 

The  housing  was  designed  and  tested  on  the  basis  of  structural  shape  and 
wall  stiffness  similarities  to  the  three-walled  prototype. 


Page  IV— U5 

UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F--1,  Phase  I 
IV,  C,  Engine  Housing,  T- Configuration  (cent.) 

(2)  Fabrication 

(U)  Metal  Model  II  (Figure  IV-I6-0)  was  fabricated 

fraa  normalized  SAE  4130  steel.  The  outer  and  inner  wall;  of  the  oxidizer 
housing  were  0.30  and  0.25  in.  thick,  respectively,  and  the  internal  passage 
was  0.575  in.  high.  The  outer  vail  was  plug-welded  through  0. 375-in. -dia 
holes,  i.paf'ed  0.75  in.  apart,  to  the  0.25-in. -wide  ribs  which  had  beer,  welded 
to  the  outer  surface  of  the  inner  cylinder.  The  ribs  were  spaced  1.5  in.  apart 
circumferentially  in  the  cylindrical  portion  of  the  main  cylinder  and  in  the 
T-section.  The  oxidizer  dome  end  was  machined  from  forgings  in  two  pieces. 

The  outer  portion  was  welded  to  the  outer  cylinder  and  the  inner  portion  was 
welded  to  the  inner  cylinder  and  the  outer  dome.  The  fuel  end  of  the  main 
cylinder  of  the  oxidizer  housing  consisted  of  a  large  ring  machined  and  welded 
internally  and  externally  to  the  inne»  and  outer  walls,  respectively.  The 
inner  cylinder  of  the  T-section  was  welded  in  place  and  the  two  halves  of  the 
outer  cylinder  of  the  t-section  were  plug-welded  to  the  ribs  of  the  inner 
cylinder,  the  main  cylinder,  ana  the  thrust-chamber  flange.  The  thrust  pad 
and  the  five  external  0.25-in. -wide  ribs,  which  tapered  from  0.75  in.  at  the 
thrust  pad  to  0.25  in.  at  the  T-section,  were  welded  in  place.  The  fuel 
housing  was  machined  from  a  single  forg'ng. 

(3)  Testing 

(U)  Three  tests  were  conducted  cn  Metal  Model  II 

(Figure  IV-I6-0).  The  T-ressures  used  were  again  based  or»  tne  50?  ratio  of 
yield  strengths  between  SAE  4130  and  Inconel  736.  The  model  inner  pressure 
was  based  on  1.4  x  nominal  design  fluid  pressure  of  the  return  passage  of  the 
three-walled  orototype  ard  the  pressure  between  the  model  walls  was  based  on 
1.4  x  nominal  design  o::idizer  discharge  pressure  of  the  three-walled  piutotype. 
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(C)  The  first  test  consisted  of  pressurization  to  1520 

psig  jji  «.ne  internal  chamber,  2000  psig  in  the  external  chamber,  and  30,400  lb 
thrust  load  in  various  load  increments  with  the  outside  surface  coated  with 
a  brittle  lacquer  coating.  This  test  was  used  to  determine  from  cracks  in  the 
coating  the  approximate  magnitude,  location,  and  direction  of  the  principal 
stresses  and  stress  gradients  on  the  outer  surface.  This  information  was  used 
to  locate  strain  gages  and  extensiometers  for  the  next  tests. 

(C)  The  second  test  consisted  of  incremental  pressuriz¬ 

ation  and  thrust  loading  to  110J5  of  the  specified  levels.  Ihe  specified 
levels  were  3300  psig  in  the  internal  chamber,  4350  psig  in  the  external 
chamber,  and  To, 000  lb  thrust.  Readings  from  strain  gages  applied  in  critical 
locations  and  extens i cmeters  located  to  measure  bearing  location  axial  and 
radial  deflections  as  well  as  external  deflections  at  several  locations  around 
the  outside  of  the  housing  were  '•ecordcd  continuously  during  testing. 

(C)  The  third  test  consisted  ot  removal  of  the  external 

ribs  to  wr»‘i.n  0.050  in.  from  the  outside  surface  above  the  housing  center- 
line  and  0.250  in.  below  the  housing  center  line  and  repeating  the  pressuriz¬ 
ation,  thrust  loading,  and  measurements  of  Test  2  to  3009  psig  in  the  internal 
chamber,  4300  psig  in  the  external  chamber,  and  60,000  lb  thrust.  Two 
additional  extensiometers  were  added  to  determine  the  relative  movements  of 
the  large  retaining  nut  with  respect  to  the  oxidizer  housing. 

(4)  Test  Results 

(U)  The  results  of  the  first  test  indicated  maximum 

surface  stresses  of  36,000  psi  at  the  intersection  of  the  T-section  and  the 
main  cylinder  on  the  fuel  side  and  at  the  main  cylinder  center  line  on  the 
fuel  end.  The  theoretical  stresses  at  these  points  were  32,000  and  35,000 
psi,  respectively. 
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(C)  The  second  test  showed  a  maximum  stress  of 

68,700  psi  on  the  center  rib  at  110$  of  specified  levels .  The  maximum  1  oop 
stress  on  the  outer  surface  of  the  shell  next  to  the  center  rib  was  58,000 
psi  and  the  corresponding  inside  surface  hoop  stress  was  12,650  psi.  There¬ 
fore,  the  bending  stress  in  the  hoop  direction  was  22,765  psi  and  the  membrane 
stress  was  35 *325  psi.  The  calculated  hoop  membrane  stress  at  this  point  was 
78,200  psi  under  these  loading  conditions.  The  meridional  outer  surface  stress 
at  this  point  was  34,000  psi  with  a  15,000-psi  stress  on  the  inside  surface. 
This  equates  to  a  9450  meridional  bending  stress  and  a  24,55C-psi  meridional 
membrane  stress.  The  axial  deflection  of  the  bearing  locations  is  shown  in 
Figure  IV-16-c.  The  recorded  curve  indicates  a  slippage  of  approximately 
0.006  in.  between  the  50  and  60%  load  levels.  Test  3  indicated  that  the  large 
retaining  nut  deflected  linearly  to  a  maximum  of  0.008  in.  at  100$  of  the 
specified  load  levels.  Therefore,  the  actual  deflection  at  4000-psi  external 
chamber  pressure  should  be  0.038,  0.008,  0.006,  or  0.024  in.  as  shown  by  the 
corrected  curve.  The  deflection  at  the  center  line  of  the  main  cylinder  is 
shown  in  Figure  IV-l6-d.  Due  to  the  retaining  nut  movement,  the  bearing 
location  rotations  were  invalid. 

(C)  The  third  test  produced  a  maximum  stress  cf 

59,450  psi  on  the  center  rib  at  the  maximum  lead.  The  surface  hoop  stress 
next  to  the  center  rib  was  48,000  psi  but  the  inside  hoop  strain  gage  was 
not  functioning.  The  calculated  stress  for  this  load  point  was  78,500  psi, 
maximum.  The  meridional  outer  surface  stress  at  the  same  point  was  42,170  psi 
and  the  inner  surface  stress  was  20,400  psi.  This  equates  to  a  bending  stress 
of  10,885  psi  with  a  meridional  membrane  stress  of  31,285  psi.  The  recorded 
curve  of  axial  deflections  of  the  bearing  locations  is  shown  in  Figure  IV-l6-c. 
The  fuel  housing  retaining  nut  moved  linearly  under  load  with  respect  to  the 
oxidizer  housing  to  0.008  in.  at  100$  of  the  specified  load  l.-vels.  The 
axial  deflection  recorded  at  4000-psi  external  chamber  pressure  was  0.0275  in. 
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However,  by  correcting  for  retaining  nut  slippage,  the  deflection  at  H000  psi 
would  be  0.0195  in.  The  corrected  curve  is  shown  in  Figure  IV-l6-c.  The 
deflection  at  the  center  line  of  the  main  cylinder  is  shown  in  Figure  T^-l6-d. 
The  bearing  location  rotations  were  invalid  due  to  the  large  amount  of  retain¬ 
ing  nut  movement. 

(U)  The  results  of  Metal  Model  testing  show  (Figures 

IV-l6-c  and  -d)  that  the  multi-wall  construction  reduces  bearing  location 
axial  deflection  and  main  cylinder  center  line  deflections.  The  height  of 
the  reinforcing  ribs  is  critical  and  ribs  above  the  main  cylinder  center 
line  are  not  needed.  The  calculated  stress  levels  were  60%  higher  than  the 
minimum  rib  design  measured  stress  levels  and  35%  higher  than  the  full  rib 
design  measured  stress  levels.  The  retaining  ring  closure  design  is  not 
adequate  for  this  application. 

c.  Photoelastic  Model 

(l)  Objectives  and  Description 

(U)  The  photoelastic  model  test  program  had  four 

functions : 


by  the  prototype. 


(a)  Establish  an  upper  limit  on  stress  experienced 


prototype . 


(b)  Delineate  highly  stressed  locations  in  the 


(c)  Permit  estimates  of  the  acuual  prototype 
stress  by  correcting  for  differences  in  bending  rigidity. 
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(d)  Provide  accurate  data  for  evaluating  new 

computation  method. 

(U)  Due  to  the  complexity  of  the  prototype  structure, 

an  exact  duplication  in  a  photoelastic  model  could  not  be  attempted  at  reason¬ 
able  cost.  It  was  considered  necessary  to  simplify  the  model  structure.  The 
major  simplification  consisted  of  eliminating  the  three-wall  construction  and 
replacing  it  by  a  single  wall  of  equivalent  thickness.  The  half-scale  model 
wall  thickness  was  calculated  on  the  basis  that  its  circumferential  tension 
rigidity  must  be  equal  to  that  in  the  three  combined  walls  of  the  prototype, 
taking  into  consideration  the  scale  factor.  This  equal  rigidity  criterion 
served  to  ensure  that  the  model  would  closely  approximate  the  resistance  to 
membrane  loading  of  the  three-walled  prototype. 

(2)  Fabrication 

(U)  The  casting  method  was  selected  for  preparation  of 

the  model  housing  since  the  machining  of  casting  molds  and  cores  did  not  pose 
the  serious  problems  that  would  have  been  encountered  in  machining  the  model. 
Kie  casting  mold  was  machined  from  solid  cylinders  of  cast  aery lie. resin. 

The  cores  were  turned  from  similar  acrylic  stock.  The  molds  and  cores  were 
given  a  light  coating  of  silicone  mold  release  and  assembled  for  casting.  The 
casting  was  poured,  cured,  and  cooled. 

(u)  The  model  was  removed  by  first  withdrawing  the 

cylindrical  cores,  then  splitting  the  molds  along  the  bonded  vertical  plane. 
After  removal  of  the  model,  excess  stock  was  machined  from  the  aft  closure  end 
and  the  exit  cylinder  flange. 

(U)  A  second  model  was  prepared  by  the  same  process, 

rebonding  the  mold  and  repeating  the  casting  procedure. 
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(3)  Testing 

(U)  Prior  to  the  photoelastic  tests,  measurements  of 

model  dimensions  were  taken  to  be  compared  later  with  the  corresponding 
dimensions  in  the  "frozen-stress ed"  elastically  deformed  model.  Measurements 
included  lateral  diameter  of  the  chamber  along  the  length  of  its  cylindrical 
portion,  the  exit  flange  diameter,  the  flange  surface  slope,  and  the  inclination 
of  the  bearing  housing  axes  with  the  axis  of  symmetry  of  the  chamber.  The 
models  were  then  assembled  for  testing  by  the  stress-freezing  process. 

(U)  The  stress-freezing  process  in  photoelastic  models 

is  based  on  the  dual-phase  nature  of  the  molecular  structure.  At  room  temper¬ 
ature,  the  material  is  given  its  rigid,  glassy  character  by  numerous  molecular 
bonds  which,  however,  do  not  exist  at  an  elevated  temperature.  At  the  higher 
temperature,  only  a  smaller  number  of  molecular  bonds  of  a  different  type  exist. 
These  give  the  material  the  relatively  flexible  characteristic  of  firm  elastic 
rubber.  Wh°n  the  model  is  strained  under  load  at  the  elevated  temperature ,  a 
photoelastic  response  (birefringence)  is  induced.  If  these  forces  are 
maintained  while  the  model  is  cooled  to  room  temperature,  the  other  set  of 
molecular  bonds  reform  and  the  material  returns  again  to  the  hard,  glassy 
state.  Furthermore,  these  rigid  bonds  form  a  network  around  the  stretched 
rubbery  bonds  in  the  material,  holding  the  latter  in  the  strained  configuration. 
When  load  is  removed  at  room  temperature,  the  internal  forces  are  easily 
carried  by  the  glassy  bond  structure,  and  there  is  only  a  barely  perceptible 
relief  of  strain  and  birefringence.  Thus,  the  stress  pattern  imposed  at  the 
higher  temperature  is  "frozen"  on  a  molecular  scale,  and  sawcuts  completely 
severing  the  model  will  not  alter  this  frozen  stress  and  strain  distribution. 
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(C)  Two  model  tests  were  performed.  Model  Test  1  was 

performed  with  the  internal  pressure  p  =  2.92  psig  and  the  thrust  pad  load 
F  =  0.  Model  Test  2  was  performed  with  p  =  2.50  psig  and  F  =  13.85  lb, 
corresponding  to  the  prototype  with  internal  pressure  of  4500  psi  and  thrust 
pad  forces  of  100,000  lb.  A  simple  tension  calibration  specimen  accompanied 
the  model  throughout  the  stress-freezing  cycle  to  establish  the  stress-fringe 
value,  f,  the  constant  of  proportionality  between  stress  and  photoelastic 
fringe  order.  After  cooling  to  room  temperature,  the  loads  on  the  model 
were  removed  and  the  dimensional  measurements  were  repealed.  The  models  were 
then  sliced  and  examined  under  polarized  light. 

(4)  Test  Results 

(U)  The  test  results  are  summarized  in  Figure  IV-18. 

Figures  IV-l8-a  and  -b  shew  the  longitudinal  section  stresses.  The  maximum 
stress  occurs  at  the  intersection  of  the  main  cylinder  with  the  T-section. 

This  can  be  reduced  by  a  larger  fillet  radius.  The  thrust  load  produces  a 
local  bending  condition  at  the  thrust  pad  which  is  compensated  for  by  the 
section  modulus  of  the  three-walled  prototype.  The  lateral  section  stresses 
are  shown  in  Figures  IV-18-c  and  d  and  indicate  the  need  for  a  large  section 
modulus  at  the  main  cylinder  center  line.  The  bending  stresses  near  the 
thrust  pad  can  be  reduced  by  local  fairing  to  reduce  the  abrupt  change  of 
section.  The  thrust  load  tends  to  decrease  the  stress  levels.  A  local 
increase  in  wall  cross  section  in  this  area  would  be  sufficient  to  reduce 
stresses.  The  maximum  stress  concentration  factor  determined  for  the 
T-intersection  was  1.85.  The  actual  prototype  stress  levels  can  be  determined 
by  multiplying  the  stress  factors  given  in  Figures  IV-l8-a,  b,  and  c  by  the 
internal  pressure  differential  of  the  three-walled  prototype.  The  maximum 
membrane  stress  was  determined  as  75sOOO  psi  at  the  T-section  to  main  cylinder 
intersection.  An  examination  of  the  longitudinal  section  with  the  fuel  housing 
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in  place  showed  a  gap  between  the  oxidizer  housing  and  the  fuel  housing.  This 
can  be  remedied  in  the  final  turbopump  housing  by  placing  a  seal  on  the  outer 
diameter  at  the  internal  end  of  the  fuel  housing  or  by  stiffening  the  cylin¬ 
drical  section  between  the  main  body  of  the  fuel  housing  and  the  closure 
flange.  Both  revisions  were  made  in  the  final  housing  design. 

3.  Structural  Test  Housing 

a.  Design 

(U)  The  structural  test  turbopump  housing  (Figure  IV-19) 

was  a  three-walled  prototype.  The  ribs  between  the  oxidizer  housing  walls 
were  straight  and  in  either  a  longitudinal  or  hoop  direction  as  can  be  seen 
in  the  partially  fabricated  housing  (Figure  17-20).  Two  fabrication  methods 
were  used  for  attaching  the  ribs  to  the  intermediate  and  outer  shells  of  the 
oxidizer  housing.  One  method  used  plug-welded  slots  1  in.  long  and  0.25  in. 
wide  on  2-in.  centers  along  each  rib.  The  other  method  used  tnree  0.080-in.- 
wide  passes  of  continuous  electron-beam  welding  along  each  rib. 

(U)  The  fuel  housing  contained  a  single  torus  with  simulated 

diffuser  vanes  and  a  simulated  fuel  valve  cavity.  The  oxidizer  bearing 
housing  was  made  as  a  separate  piece  which  was  bolted  to  the  inside  of  the 
oxidizer  housing.  The  primary  injector  was  held  in  the  axial  position  by 
two  120-degree  curved  plates  which  hooked  into  slots  in  the  fuel  housing  and 
in  the  primary  injector.  The  fuel  tube  between  the  fuel  housing  and  the 
primary  injector  was  welded  in  place  on  assembly. 


Page  IV-53 

CONFIDENTIAL 

(This  page  is  Unclassified) 


Report  10830-F-l,  Phase  I 


IV,  C,  Engine  Homing,  T-Configuration  (cont.) 

(l)  Stress  Analysis 
( a)  Loads 

(U)  The  design  yield  and  ultimate  loads  were 


defined  as: 


operating  load 


Design  yield  load  =  l.Vt  x  nominal  design 


Design  ultimate  load  =  1.92  x  nominal  design 
operating  load.  Proof  test  loads  were  almost  equal  to  design  yield  values. 

(U)  Total  stresses  and  deflections  In  the 

structural  prototype  housing  design  were  treated  in  a  linear  manner;  i.e., 
as  the  superimposed  effect  of  the  following  five  loading  types ;  turbine  gas 
pressure,  thrust  load,  propellant  pressure,  thermal,  and  mechanical. 

(C)  The  turbine  gas  pressures  were  the  gas 

pressures  in  the  primary  combustion  and  turbine  exhaust  regions.  They 
comprised  the  major  volume  of  pressure-loading  on  the  housing  and  thereby 
governed  the  gross  deflections  due  to  pressure  as  well  as  the  stresses  of 
major  geometric  discontinuities.  Nominal  operating  values  were  *+775  psi  in 
the  combustor  and  3100  psi  in  the  turbine  exhaust  region. 

(U)  An  evaluation  of  the  thrust  balance  on  the 

housing  showed  that  92#  of  the  altitude  thrust  must  be  transmitted  through  the 
housing  wall  from  the  TCA-TPA  interface  to  the  thrust  pad.  This  thrust  load¬ 
ing  tended  to  deform  the  main  cylinder  out-of-round  and  produce  high  local¬ 
bending  stresses  in  the  region  of  the  T-intersection. 
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(C)  The  propellant  pressures  were  the  coolant 

passage  pressures  (oxidizer  and  fuel  pump  pressures).  These  contributed 
local  discontinuity  stresses  in  the  housing  walls  and  fuel  tori  and  were  also 
the  main  consideration  in  the  design  of  ribs,  local  fillets,  and  weld  joints. 
Nominal  design  operating  pressures  in  the  housing  wall  were  6200  psi  for  the 
oxidizer  passage  between  the  oxidizer  pump  and  thrust  chamber  and  5300  psi 
for  the  oxidizer  passage  between  the  thrust  chamber  and  the  primary  combustor. 

( U)  Steady-state  thermal  stresses  and  deflections 

induced  in  the  basic  housing  wall  as  a  result  of  the  hot-turbine  gases  were 
not  severe  because  of  the  coolant  flow,  thinness,  and  shielding  of  the  walls. 

(U)  The  mechanical  loads  included  actuator 

forces,  line  loads,  inertia,  and  vibration  loads.  The  gimbal  developed  for 
the  624A  second-stage  engine  was  considered  for  the  ARES  module.  Actuator 
loads  were  15,000-lb  maximum  attainable  force  for  each  actuator.  These  loads 
were  considered  even  though  no  testing  would  be  performed  to  demonstrate  this 
aspect  during  Phase  I. 


(b)  Analyses 

(U)  Preliminary  effects  of  gas  and  coolant 

pressure  loads  were  determined  in  the  basic  housing  walls  by  computer  stress 
analysis  based  on  the  finite  element  method  (Reference  7).  In  this  method, 
plane  or  axisymmetric  structures  are  divided  into  finite  triangular  or  quadri¬ 
lateral  elements  and  the  equilibrium  and  compatibility  equations  are  solved  as 
a  large  matrix.  Various  rib  paths  existed  in  the  housing  wall  design;  therefore 
several  axisymmetric  and  plane  cross-sections  were  analyzed  to  approximate  the 
critical  regions  of  stress.  The  resulting  stresses  were  used  as  a  basis  for 
design  revisions.  Where  ribs  ran  predominantly  ir.  the  circumferential  direction 
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their  true  spacings  were  used  and  the  axisymmetric  solution  yielded  realistic 
local  stresses  and  deflections.  Where  ribs  were  mainly  longitudinal,  a 
fictitious  spacing  was  used  to  approximate  the  radial  connection  between  walls. 
The  local  bending  stresses  in  these  regions  were  not  realistic  but  the  gross 
radial  and  axial  deflection  behavior  was  a  good  approximation.  Plane  sections 
through  stations  where  ribs  ran  longitudinally  were  analyzed  to  determine  the 
critical  local  hoop-bending  stresses. 

(U)  In  the  vicinity  of  the  T-intersection  discon¬ 

tinuity  the  above  analyses  did  net  apply  and  experimental  data  were  used.  A 
survey  was  conducted  of  existing  test  results  on  pressurized  cylinder  inter¬ 
sections  and  results  of  the  first  Metal  Model  test  of  the  ARES  housing  con¬ 
figuration.  A  concentration  factor  of  3.17  from  Metal  Model  I  at  Point  A 
(Figure  IV-17)  compares  well  with  the  3.36  obtained  by  Hardenberg  (Reference  l). 

(U)  The  finite  element  approach  (Reference  7) 

is  primarily  designed  for  use  with  axisymmetric  structures.  The  analysis  of 
the  T-intersection  was  an  approximate  solution  based  on  stress  concentration 
factors  from  test  results  of  similar  configurations.  This  type  of  analysis 
was  sufficient  for  the  structural  test  housing,  but  the  flight-weight  version 
must  be  analyzed  by  more  exact  methods .  A  new  finite  element  approach  for 
obtaining  an  exact  solution  for  the  T-intersection  (Reference  30)  was  developed 
and  the  results  were  checked  against  the  photoelastic  model  data  with  good 
correlation. 

(U)  In  addition  to  the  main  housing  body,  stress 

analyses  were  conducted  on  the  primary  injector,  fuel  torus  housing,  fuel  end 
closure  nut,  and  the  TCA-TPA  bolted  joint.  The  finite  element  approach  was 
used  extensively  in  these  analyses. 
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(2)  Fluid  Dynamics 

(U)  The  fluid  dynamic  analysis  for  the  structural  test 

housing  consisted  primarily  in  determining  che  rib  pattern  and  passage  height 
compatible  with  the  flow  required.  The  air  test  program  described  in  Section 
VIII, A,  of  this  report  gi-vcs  the  details  of  later  passage  configuration  and 
test  results. 


(3)  Materials 

(U)  The  structural  test  housing  materials  were  selected 

on  che  oasis  of  strength,  elongation,  corrosion  resistance,  weldability,  and 
machin ability.  The  primary  alloys  analyzed  were  Inconel  Tl8,  Titanium,  AM350, 
Haynes  Alloy  25,  Hastelloy  B,  Hastelloy  C,  17-1+PH,  17-7PH  and  AISI  347. 

Inconel  718  material  was  selected  for  the  oxidizer  housing  because  of  its 
excellent  properties  plus  the  large  amount  of  experience  gained  from  the 
AF  04(6ll)-8548  and  M-l  contracts.  AISI  347  was  selected  for  the  fuel  housing 
because  of  its  high  elongation,  machinabi lity ,  and  weldability  features. 
Because  the  calculated  stress  levels  were  low  in  the  fuel  housing,  the  lew 
strength  level  did  not  appear  to  be  a  problem. 

(4)  Welding  and  Brazing  Studies 

(U)  The  joining  of  the  ribs  to  the  shells  presented  a, 

unique  processing  problem.  The  joining  could  be  accomplished  by  diffusion 
bonding,  brazing,  electron-beam  welding,  or  by  plug  welding.  The  plug  welding 
method  was  piv-ved  by  the  Metal  Model  II  tests.  The  diffusion  bonding  tech¬ 
nique  was  relatively  expensive.  Several  flat  weld  and  brazing  samples  were 
made  that  typified  the  rib  construction  joining  problems  and  also  formed  a 
container  which  could  be  pressurized  for  testing. 
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(U)  The  braze  sample  tested  was  bended  with  12.5? 

nickel  and  *87. 5?  gold  braze.  The  required  joint  strength  was  30,000  psi  and 
the  sample  broke  at  15,950  psi.  A  metallurgical  examination  of  the  braze 
material  revealed  50?  bonding  and  poor  amalgamation  of  the  nickel  and  gold. 

This  could  be  improved  by  increasing  the  intersurface  pressure  at  the  braze 
joint  but  appeared  to  be  a  marginal  joining  method. 

(U)  The  electron-beam  weld  sample  was  welded  with  three 

0.080-in.-wid *  passes  along  the  sample  rib  pattern.  The  originally  flat  sample 
warped  approximately  0.050  in.  in  the  center.  This  caused  poor  alignment  on 
the  tvo  final  weld  passes.  The  joint  strength  from  pressure  testing  was 
21,000  psi.  The  metallurgical  examination  revealed  that  the  welds  on  the 
second  and  third  passes  had  not  penetrated  the  joint  and  were  ineffective.  It 
was  determined  that  the  electron-beam  welding  method  would  be  adequate  on  a 
cylindrical  surface  where  warpage  was  minimized.  It  was  further  determined 
that  the  alignment  was  critical  and  that  weld  samples  must  be  made  on  the  came 
material  prior  to  welding  on  the  work  piece  to  ensure  proper  penetration  and 
weld  width  at  the  joint. 

b.  Fabrication 

(U)  Two  three-walled  prototype  turbopump  housings  were  fab¬ 

ricated.  The  oxidizer  bearing  housings  and  the  fuel  housings  were  identical. 
The  fuel  housing  was  a  weldment  with  various  parts  machined  from  forgings. 

The  oxidizer  bearing  housing  was  a  machined  forging  with  a  single,  formed 
sheet  welded  in  place.  The  oxidizer  housings  were  initially  of  the  same 
configuration  but  one  had  the  rib-to-shell  joints  plug-welded  ar.d  the  other 
had  the  rib-to-shell  joints  electron-beam  welded. 
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(l)  Oxidizer  Housing  A-l 

(U)  The  plug-welded  oxidizer  housing  was  fabricated 

from  forgings  and  plate  stock.  No  serious  problems  vers  encountered  until 
after  the  stress  relief  and  heat  treatment  prior  to  final  machining.  At  this 
point,  several  hairline  cracks  in  the  outer  surface  of  the  main  cylinders 
\  ire  found  by  the  dye-penetrant  inspection.  The  unit  was  stress-relieved  and 
heat-treated  a  second  time  after  the  cracks  were  repaired  by  welding.  This 
aggravated  the  surface  condition  and  produced  several  large  cracks.  An 
investigation  revealed  that  the  stress-relief  and  heat-treatment  cycles  were 
being  performed  improperly  for  the  three-walled  construction.  The  heating  and 
cooling  rates  were  reduced  and  the  heat  treatment  and  inspection  following 
repair  of  the  housing  were  satisfactory. 

(2;  Oxidizer  Housing  A-2 

(U)  The  electron-beam  welded  oxidizer  housing  was  fab¬ 

ricated  from  forgings  and  pla+e  stock.  No  serious  problems  were  encountered 
until  a  routine  interpassage  leakage  test  was  performed  and  gross  leakage  was 
observed.  A  detailed  X-ray  examination  with  a  2, 000, 000- volt  Betatron  machine 
revealed  a  wall  separation  of  0.030  in.  between  the  outer  wall  and  mid  wall  on 
the  fuel  side  at  the  T-intersection  at  the  bottom  of  the  main  cylinder.  An 
attempt  was  made  to  electron-beam  weld  through  the  T-section  to  close  the  gap 
but  this  was  impossible.  The  T-section  was  removed  and  a  detailed  examination 
of  the  welding  revealed  that  the  original  electron-beam  welds  had  not  pene¬ 
trated  because  of  poor  weld  technique.  The  area  between  passages  was  prepared 
and  welded  by  fusion  welding.  The  T-section  was  changed  to  two  concentric 
cylinders  with  eloxed  holes  the  full  length  to  meet  the  main  cylinder  passages. 
The  length  of  the  holes  made  the  eloxing  and  removal  of  the  interna]  cores 
very  difficult. 
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c -  Test 

(c)  •  The  testing  of  the  three-walled  prototype  consisted  of 

three  basic  tests:  pressurization  of  the  four  selected  zones  (Figure  IV-21) 
to  nominal  design  pressure  without  thrust;  thrust  loading  no  50?  of  nominal 
thrust  without  internal  pressurization;  and  pressurization  to  1.1*  x  nominal 
design  pressure  while  applying  1.4  x  nominal  thrust  load  simultaneously.  The 
nominal  design  pressure  for  Zone  1  was  6025  psi.  The  nominal  design  pressure 
used  for  Zone  2  was  U85O  psi,  an  average  between  the  oxidizer  return  passage 
pressure,  5125  psi,  and  the  primary  injector  pressure,  4575  psi.  The  Zone  3 
pressure  used  was  the  first-stage  fuel  pump  discharge  nominal  design  pressure, 
3750  psi,  and  the  Zone  4  pressure  was  the  turbine  discharge  nominal  design 
pressure,  3050  psi.  The  nominal  design  thrust  was  100,000  lb. 

(1)  Prel iminary  Tests 

(U)  The  preliminary  tests  consisted  of  the  brittle 

lacquer  coating  test  and  three  low  pressure  (without  thrust)  load  tests,  a 
thrust-only  test,  and  two  oxidizer  bearing  housing  tests.  The  three-walled 
prototype  housing  was  assembled  as  shown  in  Drawing  No.  1120346  (Figure  IV-22-a). 
The  fuel  housing  (item  4)  was  assembled  with  the  partially  machined  primary 
injector  (Item  7)  by  inserting  the  two  retaining  shells  (Item  5).  The  unit 
was  then  checked  for  concentricity  between  the  fuel  housing  and  primary 
injector  and  the  retaining  shells  were  tack  welded  on  the  eight  corners.  The 
fuel  tube  (item  6)  was  then  welded  to  the  fuel  housing  and  the  misalignment 
gage  pressed  into  the  fuel  housing  bore.  The  oxidizer  bearing  housing  (item  3) 
was  installed  into  the  oxidizer  housing  (item  l),  and  the  turbine  nozzle  simu¬ 
lator  (Item  9)  was  installed  on  the  oxidizer  bearing  housing.  The  fuel  housing 
cartridge  assembly  was  then  assembled  in  the  oxidizer  housing,  the  center 
piston  (item  10)  inserted,  closure  plug  (Item  8)  attached  to  the  oxidizer 
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inlet  flange,  and  the  center  piston  nut  (ite:  13)  installed.  The  mounting 
stand  (Item  11)  was  then  installed  and  the  unit  filled  with  hydraulic  test 
fluid.  The  unit  was  then  installed  in  a  universal  test  fixture,  which  applied 
internal  pressure  loads  and  thrust  loads. 

(u)  A  leak  test  of  the  instrumented  housing  (with 

internal  strain  gages  in  place)  revealed  a  leakage  area  of  0.G07  sq  in. 
between  the  oxidizer-pump  discharge  passage  and  the  oxidizer  return  passage. 
Leakage  apparently  occurred  at  an  internal  joint  around  the  circumference  of 
the  thrust-chamber  flange  connection  where  a  shrink  fit  was  relied  upon  to 
seal  the  joint.  The  leakage  area  would  allow  15  gal/min  of  oxidizer  flow  to 
bypass  the  thrust-chamber  coolant  tubes,  which  would  be  entirely  acceptable 
for  an  operational  turbopump.  However,  the  flow  capacity  of  the  structural- 
test  system  permits  a  1 ;akage  rate  of  only  0.01  gal/min,  which  made  it  impos¬ 
sible  to  maintain  the  required  pressure  differential  between  the  two  pressure 
zones.  Therefore,  various  means  of  sealing  the  leakage  were  investigated. 

(U)  The  outside  of  the  housing  was  stress-coated 

(Figure  IV-22-b,  view  l)  and  the  housing  tested  to  ascertain  the  severity  of 
the  setup  problems  and  to  determine  the  need  for  additional  external  strain 
gages.  The  oxidizer  discharge  passage  was  pressurized  to  the  same  value  as 
the  return  passage.  The  results  were  highly  satisfactory,  with  stresses  at 
predicted  levels  (within  +^q^)  at  the  nominal  design  operating  conditions. 

The  internal  strain  gages  were  functioning  properly  and  showed  a  linear  rise 
in  strain. 

(U)  After  the  stress-coat  test,  the  unit  was  cleaned 

and  a  coating  of  soft  rubber-like  material  (RTV-ll)  applied  to  the  surface  of 
the  oxidizer-pump  discharge  passage.  This  material  sealed  the  leak,  and  the 
unit  was  again  set  up  for  test.  However,  since  the  internal  strain  gages  had 
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been  lost  during  cleaning,  it  was  decided  to  perform  the  pressure-only  and  the 
thrust-only  tests  without  internal  strain  gages  in  an  attempt  to  determine  if 
any  setup  or  structural  irregularities  existed.  The  housing  was  set  up, 
instrumented  with  deflection  indicators  and  strain  gages,  and  tested  to  nominal 
design  operating  pressure.  On  completion  of  the  pressure  test,  the  thrust-load 
test  was  made  without  internal  pressurization.  The  test  data  showed  that  the 
stresses  and  deflections  at  a  thrust  load  of  50,000  lb  were  satisfactory.  Dur¬ 
ing  testing  to  nominal  design  pressure,  the  oxidizer  bearing  housing  moved 
0.0207  in.  toward  the  fuel  housing  (predicted  deflection,  0.0078  in.  outward) 
and  the  fuel  housing  deflected  outward  0.03^7  in.  (predicted:  0.0098  in.  out¬ 
ward)  .  An  examination  of  the  test  data  indicated  that  the  pressure  in  the 
oxidizer  discharge  passage  (Zone  1),  Figure  IV-21,  and  the  oxidizer  return 
passage  (Zone  2)  had  .aialized  above  57%  of  nominal  design  pressure  at  Zone  1 
pressure.  This  higher  pressure  in  Zone  2  increased  the  differential  pressure 
across  the  primary  injector,  which  increased  the  load  transmitted  through  the 
connecting  support  shells  to  the  fuel  housing  and,  consequently,  produced 
excessive  fuel  housing  deflections. 

(U)  To  check  the  data,  a  second  test  to  57%  nominal 

design  pressure  was  made  with  an  additional  deflection  transducer  on  the  oxi¬ 
dizer  flange  and  visual  indicators  on  the  deflection-transducer  rod  for  the 
oxidizer  e*  1.  This  test  indicated  that  the  oxidizer-dome  end  flange  was  expand¬ 
ing  outward  0,007  in.  and  that  the  oxidizer  bearing  housing  was  expanding  toward 
the  fuel  housing  0 .0115  in.  A  third  test  to  8b%  nominal  design  pressure  was 
performed  at  rapid  pressurization  to  determine  if  pressure  equalization  was  due 
to  the  rate  of  pressurization.  Equalization  occurred  again  at  about  57%  of 
nominal  design  pressure. 
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(U)  An  axial  mechanical  load  was  applied  to  the  oxidi¬ 

zer  bearing  housing  before  the  bearing  housing  was  removed  from  the  oxidizer 
nousing.  The  deflections,  measured  on  the  outside  flange,  on  the  inner  shell 
flange,  and  on  the  oxidizer  bearing  housing  showed  that  the  outer  wall  and  the 
internal  ribs  were  separating  O.OO85  in. 

(U)  A  spare  bearing  housing  was  subsequently  assembled 

in  a  loading  fixture  and  tested  twice  at  an  axial  mechanical  load  of  50,000  lb 
with  bolts  torqued  to  design  value  and  twice  the  design  value,  respectively. 

The  deflection  pattern  remained  relatively  unchanged. 

(U)  Housing  A-l  was  returned  for  rev air.  Further 

investigation  revealed  that  the  ribs  between  shells  on  the  oxidizer-dome  end 
under  the  oxidizer-end  flange  were  not  properly  attached.  Originally,  the 
weld  joint  between  the  outer'  wall  and  the  internal  ribs  had  been  made  by 
electron-beam  welding.  However,  a  special  X-ray  examination  revealed  that, 
during  pressurization,  the  outer  wall  separated  from  the  internal  ribs.  Plug¬ 
welding  slots  were  machined  In  the  outer  shell  over  the  ribs.  An  examination 
of  the  rib  surface  revealed  very  poor  penetration  of  the  electron-beam  weld. 
Tnis  weld  was  subsequently  repaired  by  TIG  welding  and  by  peening  after  each 
pass  to  stress-relieve  the  weld  area. 

(U)  The  unit  was  set  up  and  tested  at  1000  psi  in 

Zone  1  to  ensure  that  the  rubber  coating  in  Zone  1  had  net  been  damaged  during 
repair  operations.  No  leakage  occurred  in  10  min. 

(2)  Design  Pressure  Test 

(U)  The  design  pressure  test  requirements  were  to  pres¬ 

surize  the  four  turbopump  housing  pressure  zones  to  the  nominal  design  pressure 
for  each  zone  with  no  thrust  load.  To  accomplish  this ,  the  repaired  housing 
was  reinstrumented  and  set  up  for  testing. 
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(a)  Test  Procedure 

(U)  The  four  pressure  zones  of  the  housing  were 

pressurized  by  a  5000-psi  pump  supplying  a  load  maintainer  which  was  precali¬ 
brated  to  supply  the  correct  differential  pressures  to  the  intensifying 
cylinders.  The  intensifying  cylinders  boosted  the  pressure  to  the  required 
zone  pressures.  The  strain  gage,  pressure  transducers  and  extensicmeters 
continuously  recorded  the  strains,  pressures,  and  deflections  during  the 
pressurization. 


pressure  xn 


The  housing  was  pressurized  to  nominal  design 
%  increments.  Although  the  stress  and  deflection  data  were 


excellent,  pressure  Zones  1  and  2  had  equalized,  nullifying  the  test. 

(U)  A  leak  rate  was  determined  by  pressurizing  to 

43  and  57$  of  nominal  design  pressure  in  all  zones  and  then  increasing  Zone  1 
pressure  to  1000  psi  over  Zone  2  pressure.  Zone  2  was  bled  to  keep  the  pres¬ 
sure  uniform,  and  the  oil  discharge  was  measured  over  a  5-min  interval.  The 
leakage  rate  varied  from  0.46  to  0.68  cu  in. /min.  Because  these  leakage 
rates  were  small  in  comparison  to  the  40-cu-in.  capacity  of  the  pressurized 
intensifying  cylinder,  the  test  to  nominal  design  pressure  was  completed  using 
a  bleed  system  to  maintain  the  proper  pressure  in  Zone  2.  The  pressure  was 
maintained  for  240  sec. 


(b)  Test  Results 

(U)  Under  nominal  design  pressure  without  thrust 

load  the  housing  oxidizer  dome  end  deflected  0.0055  in.,  the  oxidizer  bearing 
location  0.0136  in.  and  the  main  cylinder  diameter  at  the  center  rib  0.0204  in. 
The  maximum  recorded  stresses  were  78>000  psi  at  the  top  of  the  main  cylinder 
halfway  between  the  thrust  pad  and  the  oxidizer  dome,  and  84,000  psi  at  the 
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inside  juncture  of  the  T-section  to  the  bottom  of  the  main  cylinder  on  the 
oxidizer  end  as  predicted  by  the  photoelastic  model  tests.  The  radial  mis¬ 
alignment  of  the  bearing  housings  under  nominal  design  pressure  was  O.OO83  in. 
The  housing  surface  hoop  and  meridional  stresses  on  the  wall  near  the  center 
rib  were  37,100  and  36,600  psi,  respectively.  The  corresponding  internal 
surface  stresses  in  the  hoop  and  meridional  direction  were  1^,200  and 
36,300  psi,  respectively.  This  indicates  relatively  no  bending  in  the 
meridional  direction,  a  bending  stress  of  11,450  psi  in  the  hoop  direction, 
and  a  membrane  stress  of  25,650  psi  in  the  hoop  direction. 

(3)  Thrust  Tesz 

(C)  The  objectives  of  the  thrust  test  were  to  apply 

50%  of  the  nominal  design  thrust  to  the  turbopump  housing  with  no  internal 
pressures  and  to  determine  the  deflection  and  stress  characteristics  of  the 
turbopump  housing  under  this  condition. 

( a)  Test  Procedure 

(U)  The  thrust  load  was  applied  by  a  loading  cyl¬ 

inder  which  was  pressurized  by  the  same  method  as  described  in  paragraph 
IV,C,3,c,(2) ,(a) .  The  strain,  load  and  deflection  gages  and  transducers  were 
recorded  continuously  during  the  test.  The  thrust  load  was  applied  in  20% 
increments  to  50,000  lb.  The  test  was  accomplished  twice.  The  first  test  was 
held  erroneously  for  110  sec  and  this  required  a  repeat  test  which  was  held 
for  195  sec  to  meet  a  work  statement  requirement  of  180  sec  minimum. 

(b)  Test  Results 

(U)  The  axial  deflection  of  the  bearing  locations 

was  less  than  0.0001  in.  The  diametral  deflection  at  the  main  cylinder  center 
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line  was  0.033  in.  The  maximum  surface  stress  of  -10,130  psi  occurred  on  the 
shell  near  the  thrust  pad  which  corresponds  to  the  -P000  psi  predicted  by 
photoelastic  testing.  The  stress  levels  were  very  low  and  no  structural  dam¬ 
age  occurred  during  the  test. 

(U)  Pressure  and  Thrust  Proof  Tests 

(U)  The  objectives  of  the  pressure  and  thrust  proof 

tests  were  to  determine  the  deflection  and  stress  characteristics  of  the 
x-turbopump  housing  under  loads  of  l.U  times  nominal  design  pressures  and 
l.U  times  nominal  design  thrust.  The  contract  requirements  were  such  that  the 
testing  had  to  be  performed  twice  with  a  minimum  of  sever,  days  between  tests. 
In  addition,  the  bearing  location  axirl  deflection  and  radial  misalignment 
could  not  exceed  a  permanent  deformation  of  0.020  and  0.008  in.,  respectively. 

(a)  Test  Procedure 

(U)  The  pressure  and  thrust  proof  tests  were 

accomplished  in  two  test  series  The  test  requirements  were  the  same  for  each 
series  except  that  test  series  2  had  to  be  accomplished  a  minimum  of  seven 
days  after  completion  of  test  series  1. 

1^  Test  Series  1 

(U)  Test  series  1  was  completed  after  two 

tests.  On  the  first  test,  the  l.U  times  nominal  design  pressure  and  l.U  times 
nominal  thrust  loads  were  applied  for  50  sec  when  a  thrust-chamber  flange 
0-ring  failed.  The  0-ring  design  was  changed  to  self-energizing  omniseals 
which  required  a  seal  groove  modification  to  the  test  stand.  A  leakage  check 
between  pressure  Zones  1  and  2  revealed  that  the  coating  had  failed.  The 
housing  was  disassembled,  cleaned,  and  a  new  coating  of  PfTV-11  was  applied  to 
Zone  1  cavity.  The  test  data  revealed  that  the  fuel  housing  had  yielded 
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.0173  in.  lb  increase  strength,  four  0.375-in. -vide  shear  plf.es  were  welded 
to  the  inlet  tube,  the  outside  wall  of  the  fuel  volute,  and  the  outer  cylinder. 
The  unit  was  reassembled  for  the  nert  test  (Figure  IV-22-b ,  view  2). 

(U)  On  the  second  test  the  required  loads 

were  held  for  110  sec  when  the  sealant  between  Zones  1  and  2  began  to  fail. 

The  Zone  1  pressure  slowly  dropped  until  it  equalized  at  Zone  2  pressure  after 
an  accumulated  time  of  190  sec.  The  deflection  data  were  within  the  required 
limits  and,  due  tc  only  saall  changes  in  data  with  the  reduced  zone  pressure, 
the  test  was  accepted. 


2_  Test  Series  2 

(U)  Because  of  the  response  times  for  pres¬ 

sure  control  and  the  difficulties  in  obtaining  the  leakage  makeup  volume,  a 
new  pressure  system  ana  controller  were  installed.  This  system  supplied 
4.5  gai/min  of  hydraulic  oil  at  10,000  psi  to  a  load  maintainer  which  inte¬ 
grated  and  distributed  the  correct  pressure  to  each  zone. 

(U)  The  first  test  in  this  series  was  aborted 

after  40  sc.  at  full  pressure  load  when  the  RTV-11  sealant  failed. 

(U)  The  second  test  followed  later  in  the  day 

when  it  was  decided  to  attempt  to  stabilize  the  pressure  in  Zone  2  by  bleeding 
Zone  2  manually.  This  test  resulted  in  overpressurization  of  all  zones  except 
Zone  4  to  as  much  as  150$  of  nominal  design  pressures.  The  seal  between  Zones 
2  and  4  failed  and  the  fuel  housing  flange  and  bolts  were  yielded.  The  housing 
was  dismantled  and  inspected.  A  dye  penetrant  inspection  showed  that  the  ribs 
had  cracked  in  the  welds  at  the  fuel  housing  flange.  No  repair  welding  was 
performed.  The  fuel  housing  flange  nas  distorted  and  was  remachined.  The 
oxidizer  housing  was  cleaned  and  a  new  application  of  RTV-11  was  applied  to 
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tne  Zone  1  cavity.  Upon  reassembly,  the  metal  C-ring  between  the  fuel  flange 
and  the  oxidizer  housing  was  replaced  with  a  rubber  O-ring.  No  internal 
strain  gages  were  applied  and  only  those  external  strain  gages  required  at 
maximum  stress  points  were  used.  All  deflection  transducers  were  replaced. 

(U)  The  third  test  was  held  at  l4o?  nominal 

design  pressure  and  thrust  loads  for  40  sec  when  the  O-ring  in  the  fuel 
housing  to  oxidizer  housing  flange  failed.  The  O-ring  was  replaced  with  a 
larger  size  and  the  fuel  end  instilment  at  ion  was  replaced. 

(U)  Hie  fourth  test  was  accomplished  success¬ 

fully  at  1^0%  of  nominal  design  pressure  and  thrust  loads  for  195  sec.  The 
Zone  2  pressure  was  slightly  high  due  to  leakage  from  Zone  1.  This  completed 
the  proof  testing  of  the  three-walled  structural  prototype. 

(b)  Test  Results 

1_  Test  Series  1 

(U)  The  axial  deflections  of  the  bearing 

housing  locations  for  the  second  test  are  shown  in  Figures  IV-23.  The  maximum 
fuel  end  deflection  was  0.0258  in.  and  the  oxidizer  end  deflection  was 
0.0047  in.  for  a  "al  of  0.0305  in.  at  lh0%  of  nominal  design  pressure.  The 
permanent  set  was  '087  in.  in  the  fuel  housing  and  less  than  0.001  in.  in 
the  oxidizer  housing.  The  radial  misalignment  was  a  maximum  of  0.010  in.  at 
140$  of  nominal  design  pressure  with  a  permanent  set  of  0.0043  in.  Because 
of  the  difficulty  in  obtaining  the  radial  misalignment  values  caused  by 
limited  space  and  high  pressure,  the  values  obtained  were  approximate.  The 
maximum  diametral  growth  of  the  housing  at  che  center  rib  and  center  line  of 
the  main  cylinder  was  0.0377  in.  at  lh0%  of  nominal  design  pressure.  The 
maximum  recorded  stress  was  110,000  psi  at  the  oxidizer  end  juncture  of 
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tt»;  T-section  to  the  bottom  of  the  main  cylinder  in  accordance  with  the  photo- 
elastic  results.  The  maximum  surface  stress  on  the  main  cylinder  wall  next  to 
the  center  rib  was  59,000  psi  in  the  meridional  direction  and  50,920  psi  in  the 
hoop  direction,  The  internal  stresses  at  the  sane  point  were  45,81*0  psi  in 
the  meridional  direction  and  46,550  psi  in  the  hoop  direction.  The  center  rib 
stress  at  this  point  was  47,400  psi  in  the  hoop  direction. 

2_  Test  Series  2 

(U)  The  measurements  of  the  housings  before 

and  after  testing  showed  that  the  actual  permanent  set  was  an  average  of 
0.0155  in.  The  radial  misalignment  measured  was  0.0124  in.  but  the  gage  was 
inoperative  on  return  to  0.  The  diametral  deflection  of  the  main  cylinder 
center  line  at  the  center  rib  was  0.0452  in.  The  maximum  stress  at  this  point 
was  75,600  psi.  The  maximum  outer  surface  stresses,  103,  700  psi  in  the  hoop 
direction  and  62,350  psi  in  the  meridional  direction,  occurred  between  the 
thrust  pad  and  the  oxidizer  dome  on  the  top  surface  of  the  main  cylinder. 

(U)  X-rays  of  the  oxidizer  housing  diffuser 

vanes  to  outer  wall  welds  showed  no  indication  of  cracking  or  separation.  A 
dye  penetrant  inspection  of  the  housings  reveal  no  cracks  or  damage  to  the 
oxidizer  housing.  The  weld  cracks  in  the  ribs  on  the  fuel  housing  had  propa¬ 
gated  approximately  0.060  in.  beyond  the  point  documented  prior  to  the  final 
test.  This  was  conclusive  proof  that  a  stronger  material  was  required  for  the 
fuel  housing  and  that  ribs  were  required  between  the  first-stage  fuel  volute 
and  the  oxidizer  housing  attachment  flange.  i.jth  of  these  improvements  were 
incorporated  in  the  Housing  C  design. 
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(5)  Vibration  Tests 

(U)  On  completion  of  the  pressure  and  thrust  proof 

tests,  the  turbopump  housing  was  tested  for  vibrational  characteristics  with 
and  without  internal  pressurization  to  determine  the  lowest  natural  frequency 
of  the  housing.  The  objectives  were  to  determine  that  no  critical  vibrational 
modes  existed  in  any  of  the  major  areas  of  the  housing  between  667  +  10 l  cps 
with  a  lg  acceleration  amplitude  input. 

(a)  Test  Procedure 

(U)  The  turbopump  housing  was  tested  in  three 

series:  empty  and  unpressurized,  filled  with  hydraulic  oil  and  unpressurized, 
and  filled  with  hydraulic  oil  and  pressurized  to  1.2  x  nominal  design  pres¬ 
sures.  7.nne-  l  was  pressurized  to  Zone  2  pressure  due  to  the  interpassage 
leakage.  The  turbopump  housing  was  suspended  so  that  the  vibration  excitation 
could  be  applied  in  each  of  three  axes,  X,  Y,  and  Z.  The  X  axis  was  along  the 
main  cylinder  center  line.  The  Y  axis  was  along  the  thrust-chamber  center 
line,  and  the  Z  axis  was  perpendicular  to  the  mai.i  cylinder  center  line  at  the 
thrust-chamber  center  line. 


1_  Test  Series  1 

(U)  A  preliminary  survey  of  the  housing  along 

the  Y  axis  was  performed  with  six  external  and  six  internal  accelerometers 
without  the  support  stand  or  shaft  attached  to  the  housing.  This  was  repeated 
with  the  support  stand  attached  and  finally  with  support  stand  and  shaft 
attau  'd.  The  surveys  were  recorded  on  an  oscillograph  which  made  oscillograms 
of  each  of  the  12  accelerometers  while  sweeping  from  100  to  5000  cps. 


Page  IV-70 


UNCLASSIFIED 


UNCLASSIFIED 


Report  10830-F-l ,  Phase  I 
XV,  C,  Engine  Housing,  T-Configuration  (cont.) 

(«)  The  turbopump  housing  with  support  stand 

and  shaft  in  place  was  reoriented  and  the  vibration  excitation  was  applied  in 
the  direction  of  the  X  axis.  The  12  accelerometer  readings  were  recorded 
from  100  to  5000  cps.  The  final  test  in  this  series  was  in  the  X  axis 
(Figure  IV-2U-a)  and  was  performed  in  the  same  manner  as  the  Z  axis  survey. 

2_  Test  Series  2 

(U)  The  turbopump  housing  support  stand  was 

removed  to  allow  removal  of  the  internal  accelerometers,  replaced,  and  the 
unit  was  then  filled  with  hydraulic  oil.  The  unit  was  suspended  with  the 
acceleration  input  in  the  Y  axis  direction.  A  frequency  sweep  from  100  to 
5000  cps  was  made  while  readings  of  the  six  external  accelerometers  were 
recorded.  This  test  was  repeated  with  the  housing  pressurized  to  1.2  times 
nominal  design  pressure  and  the  output  accelerations  were  recorded.  This 
procedure  was  repeated  for  the  X  and  Z  axes. 

(b)  Test  Results 

(U)  The  results  (Figure  IV-24-b)  of  the  three 

phases  of  testing  show  that  there  was  no  critical  mode  of  vibr  oion  in  the 
housing  between  100  and  1000  cps  in  any  axis.  There  were  no  significant 
shifts  in  response  frequency  when  the  housing  was  pressurized.  This  indicates 
that  the  housing  stiffness  was  much  higher  than  the  stiffness  added  by  pres¬ 
surization.  When  the  housing  was  filled  with  oil,  the  response  acceleration 
amplitude  was  considerably  reduced  because  of  the  damping  effect  of  the  oil. 
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4.  Final  Housing 

(U)  Three  detailed  versions  of  the  final  turbopump  housing  were 

studied.  The  first  version  was  a  two-walled  unwelded  rib  design.  The  second 
version  was  a  three-wall  design  similar  to  the  three-wall  prototype  and  the 
third  version  was  a  modified  three-wall  design  adapted  to  casting. 

a.  Two-Wall  Oxidizer  Housing 

(U)  The  objectives  of  the  two-wall  oxidizer  housing  version 

(Figure  IV-25)  were  to  design  a  structurally  stable  housing  that  was  easier  to 
fabricate  and  had  improved  flow  passage  design  and  lower  cost. 

(U)  The  basic  shape  of  the  two-wall  housing  remained  the 

same  as  the  three-wall  structural  prototype.  The  main  cylinder  was  shortened 
2  in.  and  the  T-section  center  line  was  moved  1  in.  toward  the  oxidizer  end. 
The  return  passage  was  replaced  by  a  manifold  in  the  T-section  which  fed  a 
manifold  on  the  primary  injector.  The  ribs  in  the  main  cylinder  oxidizer  dis¬ 
charge  flow  passage  were  replaced  by  thin  fins  (to  guide  the  flow)  which  were 
only  attached  to  the  outer  diameter  of  the  inner  cylinder.  The  T-section 
oxidizer  discharge  and  return  passages  consisted  of  drilled  holes.  The  oxi¬ 
dizer  dome  end  had  plug-welded  diffuser  vanes  and  guide  vanes.  The  design 
could  be  fabricated  rapidly  and  at  a  relatively  low  cost  with  a  minimum  of 
weld  reliability  problems. 

(u)  Because  the  thir.  guide  vanes  between  walls  were  not 

attached  to  the  outer  wall,  the  thicknesses  of  the  inner  and  outer  walls  were 
increased  to  provide  the  additional  hoop,  meridional,  and  bending  strength 
required.  This  caused  a  decrease  in  weight  when  compared  to  the  three-wall 
structural  prototype  but  an  increase  of  10  lb  over  the  weight  of  the  three- 
wall  housing  described  in  the  next  section.  When  compared  to  the  .photoelastic 
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results,  the  bending  stresses  in  the  region  of  the  thrust  pad  would  be  exces¬ 
sive  due  to  an  80%  reduction  in  the  bending  moment  of  inertia.  This  was  later 
confirmed  by  the  bending  stress  levels  observed  during  the  testing  of  the 
three-wall  prototype.  This  design  was  abandoned  for  the  engine  design  using 
a  regeneratively  cooled  thrust  chamber,  because  of  the  structural  deficiency 
when  the  walls  were  not  attached. 

b.  Three-Wall  Housing  B 

(U)  The  objectives  of  the  housing  B  design  effort  were  to 

optimize  the  flow  passages,  finalize  the  internal  dimensions  and  fits,  reduce 
weight,  and  ensure  a  housing  capable  of  being  used  for  turbopump  development 
testing  and  a  second  round  of  structural  testing  if  the  three-wall  structural 
prototype  failed. 

(U)  The  basic  shape  of  the  Inconel  718  oxidizer  housing  of 

Housing  B  (Figure  IV-26)  was  the  same  as  the  three-wall  structural  prototype. 
The  main  cylinder  was  shortened  approximately  2  in.  and  the  T-section  center 
line  moved  approximately  1  in.  toward  the  oxidizer  dome.  The  three  walls  were 
separated  by  two  sets  of  1/4-sq-in.  continuous  ribs  which  tied  the  walls 
together  and  formed  discrete  flow  passages.  The  walls  were  attached  to  the 
ribs  by  plug  welding.  The  ribs  were  curved  and  spaced  to  provide  minimum 
pressure  loss  in  the  flow  passage  and  minimum  mass  flow  distribution  variance 
to  the  thrust-chamber  cooling  tubes  and  the  primary  injector.  The  oxidizer 
diffuser  vanes  were  machined  on  the  outside  of  the  inner  wall  dome  and  inserted 
through  slots  in  the  outer  wall  dome  and  welded  in  place  to  give  maximum 
strength  to  the  critical  dome  structure.  The  T-section  was  made  conical  to 
reduce  the  intersection  diameter.  Hie  T-section  had  drilled  holes  to  form  the 
oxidizer  discharge  and  return  passages. 
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(U)  The  fuel  housing  was  also  moved  toward  the  oxidizer  end 

by  approximately  1  in.  The  fue^.  housing  was  designed  as  an  Inconel  718  weld¬ 
ment  to  contain  the  two  fuel  pumps  and  provide  the  required  discharge  volutes, 
contain  the  bearings,  jal,  thrust  balancer  and  primary  injector  valve,  and  to 
supply  each  of  these  with  fuel  through  a  series  of  internal  passages.  Oxidizer 
fluid  was  bled  off  the  return  passage  of  the  oxidizer  housing  and  fed  to  the 
hydrostatic  combustion  seal  via  a  passage  covering  the  internal  face  of  the 
fuel  housing.  This  ensured  cooling  of  the  fuel  housing  face  from  the  turbine 
exhaust  gases . 


(l)  Stress  Analysis 

(U)  The  stress  limits  and  load  criteria  used  for  the 

Housing  B  analyses  were  tne  same  as  for  the  three-wall  structural  prototype. 
The  finite  element  analysis  method  was  used  to  determine  basic  stress  levels. 
These  stresses  were  then  altered  in  areas  around  the  thrus'1'  pad  and  T-section 
to  main  cylinder  intersection  to  reflect  the  stress  concentration  factors 
determined  from  the  photoelastic  model  testing.  The  oxidizer  dome  and  profile 
was  studied  to  minimize  axial  deflections.  The  dome  curvature  is  critical  as 
shown  in  Figure  IV-27,  which  shows  axial  deflection  as  a  function  of  radius  of 
curvature  and  wall  thickness  for  the  three-wall  structural  prototype,  Metal 
Model  1,  Metal  Model  2,  and  Housing  B. 

(U)  The  ordinate  and  abscissa  values  for  Figure  IV-27 

are  as  follows: 


v  -  LI 

"  h 

where  R  is  the  mean  radius  of  curvature  of  the  oxidizer  dome,  0  is  the  angle  of 
radians  from  the  intersection  of  the  main  cylinder  and  dome  to  the  top  of  the 
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oxidizer  diffuser  vanes  of  approximately  65  degrees  or  1.33  radians,  and  h  is 
the  effective  thickness  of  the  dome  based  on  equivalent  section  moment  of 
inertia. 

2.44  q  R 

*b  =  (2  R  +  R. )  El 
o  1 

where  q  is  the  internal  pressure,  R^  is  the  radius  from  the  housing  center 
line  to  the  oxidizer  bearing  housing  hot-gas  surface  at  the  turbine  nozzle 
attachment  location,  Rq  is  the  radius  from  the  housing  center  line  to  the 
midpoint  of  the  wall  at  the  intersection  of  the  dome  and  main  cylinder,  E  is 
the  elastic  modulus,  and  I  is  the  moment  of  inertia  of  a  1-in. -wide  section 
of  the  wall. 

(U)  This  shows  that  the  axial  deflection  of  the  oxidizer 

dome  end  is  directly  dependent  on  R,  the  moment  of  inertia  of  the  dome  wall  and 
the  pressure  applied. 


(2)  Heat  Transfer  Analysis 

(U)  The  heat  transfer  analysis  of  the  oxidizer  housing 

showed  that  the  wall  temperature  on  the  hot-gas  side  varied  significantly  with 
hot-gas  velocity  and  insignificantly  with  coolant  velocities  above  35  fps. 

With  a  gas  velocity  of  5  fps  next  to  the  0 . 020-in. -thick  housing  wall  the  tem¬ 
perature  was  400°F.  At  a  gas  velocity  of  20  fps  the  wall  temperature  rose  to 
640°F.  The  hot-gas  shields  in  the  primary  combustion  area  and  the  turbine 
exhaust  area  were  designed  to  reduce  the  gas  velocity  between  the  shield  and 
the  housing  wall  to  less  than  5  fps.  To  accomplish  this,  a  single  row  of  holes 
on  the  upstream  side  of  each  shield  was  used  to  vent  the  cavity  between  the 
shield  and  wall  for  start  and  shutdown  pressure  change  conditions.  The  single 
entry  point  allows  extremely  limited  circulation  and,  subsequently,  low  gas 
velocities  at  the  housing  wall.  The  effectivity  of  the  shield  design  will  have 
to  be  substantiated  by  test. 
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(3)  Fluid  Dynamic  Analysis 

(U)  A  preliminary  fl’iid  dynamic  analysis  showed  rela¬ 

tively  uniform  fluid  velocities  in  the  main  cylinder  passages  except  the 
velocity  at  the  T-section  at  the  bottom  of  the  main  cylinder  cn  the  fuel  hous¬ 
ing  end,  which  was  high  due  to  lack  of  sufficient  space  to  enter  that  portion 
of  the  T-section.  The  air  test  program  was  expected  to  clarify  this  area. 

The  air  test  results  were  not  available  until  after  the  design  was  completed. 

(4)  Summary 

(U)  The  calculated  weight  of  the  Housing  B  design  was 

89  lb  less  than  the  three-wall  structural  prototype.  The  housing  axial  deflec¬ 
tions  between  bearing  locations  was  reduced  to  0.0256  in.  with  no  permanent 
deformation  under  maximum  operating  conditions. 

(U)  The  fabrication  quotations  received  were  excessive 

in  price  and  delivery.  This  eliminated  the  possibility  of  receiving  Housing  B 
in  time  for  a  second  round  of  structural  testing.  The  preliminary  results  of 
air  testing  showed  a  pressure  loss  of  417  psi  in  the  oxidizer  discharge  passage 
near  the  fuel  housing  end  and  the  mass  flow  variation  was  +  10  to  lh%.  The 
design  pressure  loss  was  limited  to  125  psi  in  each  of  the  housing  flow  pass¬ 
ages.  To  decrease  this  pressure  loss  and  reduce  the  mass  flow  variation,  a 
change  in  passage  design  was  required. 

c.  Three-Wall  Housing  C 

(U)  The  three- vail  C  design  housing  (Figure  IV-.l)  was  required 

to  achieve  a  lower  unit  cost,  reduce  the  pressure  losses  in  the  oxidizer  flow 
passages,  and  provide  a  uniform  mass  flow  distribution  to  the  thrust- chamber 
cooling  tubes  and  to  the  primary  injector. 
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(U)  To  accomplish  these  objectives,  changes  were  required 

from  the  B  design  housing.  The  outer  passage  height  was  increased  from  1/U  to 
3/8  in.  The  passage  guide  /ane  patterns  (Figure  IV-28)  were  changed  from  con¬ 
tinuous  vanes  to  intermittent  vanes.  The  housing  length  on  the  fuel  end  was 
increased  0.5  in.  'Hie  oxidizer  housing  was  divided  into  six  investment  cast¬ 
ings  of  Inconel  7l8c  material.  The  use  of  the  cast  material  required  a  slight 
increase  in  wall  thicknesses  which  increased  the  housing  weight  to  33  lb  above 
the  calculated  weight  of  Housing  B.  The  castings  were  .elded  together  by 
electron-beam  welding  and  by  plug-welding  the  rib-to-shell  joints  from  the 
inside  and  outside  surfaces.  The  third  wall  of  the  main  cylinder  was  shortened 
to  extend  only  from  the  primary  injector  to  the  fuel  housing  end.  The  T-section 
was  modified  to  include  a  manifold  area  in  both  the  discharge  and  return  pass¬ 
ages.  The  fuel  housing  was  changed  to  a  I7-1*  PH  casting  and  modified  by  adding 
ribs  on  the  outside  to  decrease  the  axial  deflections  experienced  by  the  struc¬ 
tural  prototype. 

(U)  The  pressure  losses  were  reduced  to  acceptable  values 

and  the  mass  flow  distributions  improved  as  described  in  Section  VIII, A.  The 
quotations  received  for  fabrication  showed  a  substantial  cost  reduction 
although  casting  delivery  times  were  relatively  long.  The  reliability  of  the 
welding  and  fabrication  processes  was  improved  by  designing  the  wall-to-rib 
welds  to  be  performed  from  an  external  surface.  The  stresses  and  deflections 
calculated  for  the  C  design  housing  were  approximately  the  same  as  those  for 
Housing  B. 


d.  Conclusions 

(U)  The  results  of  the  T-configuration  turbopump  housing 

program  were  highly  satisfactory.  The  test  results  on  the  first  full-scale 
prototype.  Housing  A,  met  all  work  statement  requirements.  The  stress  levels 
were  lower  than  the  design  but  the  deflections  were  higher  than  the  design.  By 
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judicious  placement  of  ribs  the  deflections  hove  been  reduced  in  the  final 
design  as  sham  in  the  following  table.  In  addition,  the  weight  in  the  final 
housing  has  been  reduced  to  82?  of  the  weight  of  Housing  A. 


Axial  deflection  between  bearing 
locations  at  lbO?  cf  nominal 
design  conditions 

Radial  deflection  between 
bearing  locations  at  l^O?  of 
nominal  design  conditions 

Weight 


Total  0.0305  in. 
Permanent  0.008  in. 


0.0311*  in.  0.0300  in. 
0  in.  0  in. 


Total  0.010  in.  0.007  in.  0.00h  in. 

Permanent  0.003  in.  0  in.  0  in. 


100?  71.3?  82? 


Cost 


100?  200?  1*8? 


(U)  The  short  lead  time  of  the  Phase  I  program  required 

that  the  housing  be  made  as  weldments  usin&  forgings,  plate,  and  sheet  material. 
This  increased  the  cost  of  the  housings .  The  final  design  uses  many  castings 
which  are  ultimately  assembled  by  welding,  which  reduces  the  cost.  With  seme 
development  it  is  expected  that  the  oxidizer  housing  and  fuel  housing  each  can 
be  cast  as  single  units.  This  would  further  reduce  tue  cos u  to  19?  of  the 
cost  of  Housing  A.  The  lead  time  required  for  obtaining  usable  castings  is 
approximately  30  weeks .  It  is  recommended  that  the  tooling  for  these  castings 
he  procured  and  approved  by  sample  castings  prior  to  Phase  II.  This  would 
reduce  the  lead  time  by  approximately  20  weeks. 


(u)  The  final  housing  is  designed  for  a  100?  regenera- 

tively  cooled  thrust  chamber.  If  a  transpiration-cooled  thrust  chamber  is 
used,  considerable  simplification  could  be  made  to  the  housing  design.  Prelim¬ 
inary  investigations  show  that  a  weight  reduction  of  approximately  40  lb  can 
be  achieved.  In  addition,  the  housing  would  be  simplified  by  the  reduction  to 
a  two  wall  construction  thereby  reducing  manufacturing  costs  and  thus  improving 
the  reliability  as  a  result  of  the  reduced  number  of  welds. 
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D.  BACKUP  TURBOPUMP 

1.  Objectives 

(C)  A  basic  objective  of  this  program  is  to  design  and  test  a 

reliable  flight-weight  turbopump  for  a  100,000-lb-thrust  engine  utilizing  high 
pressures  in  the  staged  combustion  cycle  and  storable  propellants. 

(U)  Because  ARES  is  an  advanced  engine  with  stringent  require¬ 

ments  for  ease  of  operation,  limited  maintenance  and  servicing,  lightweight 
components,  minimum  size  envelope,  and  avoidance  of  external  leakage,  together 
with  a  high  degree  of  integration  and  relatively  high  engine  performance 
goals,  heavy  demands  on  advancing  the  state  of  the  art  of  turbopumps  were 
imposed.  In  certain  components,  specifically  seals,  bearings,  and  high- 
pressure  housings,  it  was  beneficial  to  incorporate  several  component  concepts 
to  achieve  overall  engine  design  objectives  that  would  to  a  significant  degree 
advance  the  state  of  the  art.  Although  programs  for  improved  components  were 
established,  it  was  believed  prudent  to  investigate  an  alternative,  or  backup 
turbopianp  design,  because  of  inherent  uncertainties  in  achieving  successful 
operation  of  the  sev?  ral  new  concepts . 

(TJ)  The  overall  objective  of  the  backup  turbopump  design  effort 

was  to  evolve  a  turbopump  which  met  most  of  the  operational  requirements  of 
the  advanced  turbopump,  yet  incorporated  only  conventional  components. 
"Conventional"  in  this  case  was  interpreted  as  a  design  concept  or  analysis 
technique  which  had  previously  been  successfully  used,  demonstrated,  or  tested. 
For  example,  conventional  dynamic  shaft  seals  were  to  be  used  in  place  of  an 
advanced  hydrostatic  combustion  seal,  a  semi-integrated  housing  is  used  which 
is  easier  to  fabricate  than  the  integrated  advanced  T-engine  housing,  and 
does  not  subject  the  rotating  elements  to  effects  of  pressure  and  temperature 
distortion.  In  addition,  the  propellant-cooled  bearings  were  to  operate  at  more 
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conservative  DN  values.  Turbopump  size  and  weight  were  secondary  considera¬ 
tions  to  simplified,  conservative  design,  and  ease  of  fabrication  of  parts  of 
known  high  reliability.  These  conventional  components  were  to  be  arranged  in 
a  manner  designed  to  minimize  the  interrelationship  of  one  component  to 
another,  so  that  a  high  degree  of  success  was  predictable. 

(U)  The  practical  approach  of  evolving  a  backup  turbopump  design 

using  state-of-the-art  design  practice  ensured  that  the  benefits  of  advanced 
turbopump  technology  could  be  safely  pursued  without  jeopardizing  the  goals  or 
schedule  of  the  ARES  engine  program.  This  requirement  also  made  it  desirable 
that  maximum  use  of  the  development  of  primary  and  secondary  combustors  and 
valves  be  utilized  in  the  backup  turbopump. 

2.  Concept  Selection 

a.  Concept  Alternatives  Considered 

(U)  The  concept  selection  involved  a  "morphological"  survey 

of  candidate  configurations,  tempered  by  experience  gained  in  previous  Aerojet- 
General  high-pressure  engine  programs . 

(U)  Using  results  of  a  prior  study  program  to  avoid  pitfalls 

in  the  design,  four  configurations  were  chosen  for  more  detailed  design  inves- 
tigatioi  s .  These  concepts,  shown  schematically  in  Figure  IV-29,  were: 

Vertical  shaft-end  mounted  turbine  (ultimately  selected) 
Horizontal  shaft,  center-mounted  turbine 
Horizontal  shaft,  end-mounted  turbine 
The  Y-engine  concept 

(tj)  Features  of  each  of  the  four  candidate  concepts  and 

relative  advantages  and  disadvantages  are  discussed  in  the  following  section. 
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(l)  Vertical  Shaft  Concepts 

(U)  The  single  shaft,  vertical  configuration,  is  most 

logically  arranged  with  the  turbine  at  the  thrust  chamber  end.  This  permits 
the  turbine  to  exhaust  directly  into  the  secondary  injector  with  a  minimum  of 
manifolding.  The  primary  combustor,  contained  by  the  oxidizer  discharge 
housing,  is  annular,  similar  to  the  basic  advanced  design.  All  high-temperature 
parts  are  localized  and  thermal  distortion  is  virtually  eliminated  from  the 
power  transmission  and  pump  housing. 

(U)  The  oxidizer  pump  is  placed  next  to  the  turbine  to 

eliminate  the  need  of  a  dynamic  shaft  seal  for  the  turbine.  This  arrangement 
also  permits  the  oxidizer-pump  discharge  flow  to  be  carried  by  drilled  passages 
in  the  housing  directly  to  the  down-flow  tubes  of  the  thrust  chamber  without 
further  manifolding.  The  oxidizer  housing  also  provides  the  necessary  struc¬ 
tural  support  to  contain  the  primary  combustor  chamber  pressure.  The  oxidizer 
flow  cools  the  housing.  A  perforated  primary  chamber  liner  is  provided  to 
prevent  h-igh  velocity  gas  from  scrubbing  against  the  housing  walls.  Symmetry 
of  the  oxidizer-housing  flow  passage  and  a  vaned  diffuser  section  at  the 
impeller  discharge  provide  assurance  that  radial  hydraulic  loads  on  the 
impeller  are  minimized.  Thus,  associated  potential  rubbing  problems  on  the 
pumps  and  radial  bearing  loading  are  also  minimized.  This  location  of  the 
oxidizer  pump  requires  that  oxidizer  enter  the  pump  radially  through  an  inlet 
scroll . 

(U)  The  fuel  pump  is  placed  at  the  end  opposite  the 

turbine.  Engine  thrust  is  carried  axially  through  the  turbopump  housing  to 
a  fixed  or  ginu  aled  thrust  pad  at  the  top  (fuel)  end  of  the  housing.  The  fuel 
pump  can  be  oriented  for  either  an  axial  or  radial  inlet. 
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If  an  axial  flow  inlet  were  selected  for  the  fuel 
pump,  the  thrust  pau  or  gimbal  would  have  to  be  a  ring  to  admit  the  fuel  to 
the  pump  inlet.  Thus,  a  somewhat  unconventional  gimbal  would  be  required  and 
some  weight  penalty  would  be  anticipated.  In  addition,  with  the  fuel  impeller 
oriented  for  the  axial  inlet,  the  back  of  the  impeller  would  be  toward  the 
oxidizer  pump.  This  arrangement  would  create  a  potential  seal  problem  because 
of  the  high  pressures  developed  in  the  fuel  cavities  behind  the  second-stage 
inpeller,  which  must  be  sealed  fro^  the  adjacent  oxidizer  inlet  passage. 

Radial  inlet  of  the  fuel  would  eliminate  all  of  the  above  problems;  however, 
an  additional  inlet  manifold  is  required  to  guide  the  flow  into  the  fuel 
inducer. 

A  dual  exit  volute  with  a  vaned  diffuser  provides 
symmetry  of  flow  out  of  the  first  stage  of  the  fuel  pump  to  minimize  radial 
hydraulic  loads.  In  addition,  the  maximum  cross  section  of  the  fuel  pump 
volute  carries  only  half  the  total  flow,  thus  its  cross-sectional  area  is 
minimized  for  a  given  volute  velocity.  This  fact  in  turn  reduces  the  wall 
thickness  required  to  contain  the  pressure  and  minimizes  weight.  The  two 
volute  tongues,  located  l&C  degrees  apart  provide  additional  symmetrical 
structural  support. 

The  inducer  hub  diameters  of  both  pumps  must  be 
large  to  carry  the  required  shaft  diameter  for  torque  transmission.  As  a 
result,  inducer  hub-tip  ratios  are  somewhat  larger  than  would  normally  be 
used.  Because  of  the  radial  inlet  manifolds  and  the  large  inducer  hub-tip 
rat''  j,  a  slight  loss  of  cavi cation  performance  may  occur.  However,  boost 
pumps  will  provide  more  than  adequate  NPSH,  so  no  problem  is  expected. 
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(2)  Horizontal  Shaft  Concepts 

(U)  The  original  vertical-shaft  configuration, 

described  above,  results  in  an  engine  size  envelope  which  is  slightly  longer 
than  the  advanced  turbopump  concept.  For  upper-stage  applications  where  addi¬ 
tional  length  of  interstage  structure  may  be  required  to  accommodate  a  longer 
engine,  a  possible  vehicle  weight  penalty  exists.  This  consideration  led  to 
investigations  of  horizontal  shaft  concepts  which  could  potentially  reduce 
engine  length. 

(U)  Center-mounted  and  end-mounted  turbine  versions  of 

the  horizontal  shaft  concept  were  investigated.  The  center-mounted  turbine 
creates  a  fuel-to-turbine  gas-sealing  problem,  axial  thermal  growth  of  the 
shaft  must  be  accommodated,  and  unsymmetrical  thermal  distortion  of  the  housing 
could  occur.  Also,  manifolding  of  the  turbine  exhaust  flow  into  the  secondary 
injector  would  be  required.  In  general,  the  potential  problems  with  this 
design  were  so  similar  to  those  of  the  advanced  turbopump  that  it  did  not  offer 
a  good  backup  approach  and  the  concept  was  discarded. 

(U)  With  the  end-mounted  turbine,  horizontal  shaft  con¬ 

figuration,  the  tuTune  exhaust  gas  would  be  ducted  around  a  90  degree  bend  and 
into  the  secondary  injector;  and  thus  an  L-shaped  engine  would  result.  Thermal 
distortion  of  the  hot  turbine  exhaust  elbow  dictated  that  separate  struts  be 
prov.ided  tc  support  the  turbopump  on  the  engine.  In  addition,  a  separate 
thrus  -.-ta>  e-out  structure  was  required.  These  added  structural  members  imposed 
a  significant  weight  penalty.  It  also  became  evident  that  the  internal  config¬ 
uration  of  the  turbopump  would  be  virtually  identical  to  the  interior  of  the 
vertical  shaft  concept.  Finally,  for  the  horizontal  shaft,  end-mounted  turbine, 
a  set  of  external  oxidizer  lines  from  the  pump  to  the  thrust  chamber  were 
necessary  unless  the  90  degree  turbine  exhaust  bend  was  made  tubular-walled  to 
carry  the  oxidizer  flow.  Because  of  the  increased  structural  weight  and  added 
complexity  of  plumbing,  this  concept  was  also  discarded. 
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(3)  Y-Engine 

(U)  Early  studies  of  two  separate  turbopumps  in  a 

Y-Engine  arrangement  indicated  two  advantages:  (l)  external  leak  paths  to 
atmosphere  were  virtually  eliminated  and  (2)  small,  very  high-speed  turbopump 
units  were  possible  since  short  bearing  spans  and  reduced  power  levels  of  the 
individual  units  made  small  bearings  possible  without  critical  speed  problems. 
It  also  appeared  that  the  engine  envelope  length  could  be  relatively  short. 
Therefore,  further  consideration  was  given  to  this  concept. 

(U)  Several  shortcomings  were  found  inherent  in  the 

Y-Engine  which  ultimately  caused  it  to  be  rejected. 

(U)  The  turbine  seal  on  the  fuel  pump  was  required  to 

be  a  positive  high-pressure  seal  to  prevent  fuel  from  leaking  into  the 
oxidizer-rich  turbine  gas.  This  requirement  was  beyond  current  conventional 
dynamic  seal  capability  unless  a  purge  fluid  at  high  pressure  was  used. 

(U)  Separate  turbines  on  the  oxidizer  and  fuel  units 

cause  a  loss  in  turbine  efficiency.  The  turbines  could  not  readily  be  mechan¬ 
ically  linked,  which  created  potentially  difficult  speed  control  and  engine 
mixture  ratio  control  problems. 

(U)  Other  drawbacks  included  multiplicity  of  components 

(such  as  two  turbines,  two  shafts,  extra  bearings,  etc.),  requirement  for  a 
primary  combustor  substantially  different  from  that  to  be  evolved  for  the 
advanced  turbopump,  and  complex  turbine-to-turbine  gas  manifolding.  Weight, 
complexity,  and  thermal  stress  in  the  high-pressure  hot-enclosure  dome  were 
additional  negative  factors.  These  factors  led  to  rejection  of  this  concept. 
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b.  Speed  Selection 

(U)  As  the  various  concepts  were  evaluated,  the  range  of 

potential  operating  speeds  available  to  each  configuration  was  given  considera¬ 
tion  because  of  the  effect  on  bearing  DN,  shaft  critical  speed,  shaft  seal 
surface  speed,  engine  size  and  weight,  component  efficiency  and  NPSH  require¬ 
ments  of  the  selected  design. 

(U)  A  design  speed  of  30,000  rpm  was  selected.  This  section 

presents  the  justification  for  this  speed  selection. 

(l)  Power  Transmission  Considerations 

(U)  Bearing  DN,  critical  shaft  speed  and  rubbing 

velocity  of  the  seal  are  important  considerations  in  the  design  of  the  power 

g 

transmission.  A  bearing  DN  value  of  1.25  x  10  was  considered  to  be  a  con¬ 
servative  value  since  it  had  been  demonstrated  with  these  propellants  on  a 
previous  program.  Some  increase  in  Ihis  value  was  considered  to  be  reasonable 
as  long  as  it  was  significantly  lower  than  the  1.6  x  10^  value  used  on  the 
advanced  turbopump. 

(U)  Bearing  DN,  shaft  stress,  and  critical  speed  are 

closely  interdependent.  A  smaller  bearing  reduces  DN  for  a  given  speed,  but 
requires  a  smaller  shaft,  which  correspondingly  increases  shaft  torsional  and 
bending  stresses.  Also,  the  smaller  shaft  is  more  flexible  and  the  smaller 
bearing  provides  less  radial  stiffness.  The  combined  effects  reduce  the 
shaft-whirling  critical  speed.  Two  approaches  were  studied  in  iterating  these 
three  parameters . 
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(U)  The  first  approach  (ultimately  used)  was  to  place 

the  bearings  inboard  of  the  turbine  wi  Jt  the  ground  rule  that  operating  speed 
was  to  be  a  minimum  of  20%  below  the  first  critical  speed.  In  this  case,  the 
turbine  roller-bearing  bore  had  to  be  large  enough  to  transmit  full  turbine 
torque.  In  addition,  the  turbine  coupling  had  to  be  small  enough  to  allow 
the  roller  bearing  to  slip  over  it,  since  it  is  installed  from  the  turbine 
end. 

(U)  With  these  limitations,  the  bearing  size  narrowed 

to  40  mm  or  larger  with  a  design  speed  of  approximately  30,000  rpm.  Preliminary 
turbopump  layouts  were  made  to  provide  input  for  critical  speed  analysis. 

(U)  Critical  speed  is  an  important  parameter  in  the 

ARES  turbopump,  where  the  high  reliability  of  rub-free  operation  and  long 
bearing  life  are  considered  mandatory  .  Parametric  plots  of  the  critical  speeds, 
showing  effects  of  bearing  span,  impeller  weight  and  overhang,  and  gyroscopic 
(inertial)  effects  of  turbine  and  fuel  impellers  were  prepared. 

(U)  Preliminary  results  of  an  analysis  of  the  critical 

speed  indicated  first  critical  speed  values  to  be  approximately  35,000  rpm  for 
kO  ram  bearings.  Increasing  the  oxidizer  bearing  size  to  1*5  mm  and  optimizing 
bearing  spacing  as  well  as  turbine  and  fuel  impeller  overhang  increased  the 
critical  speed  to  above  37,000  rpm.  However,  at  30,000  rpm,  bearing  DN  was 
1.35  x  106. 

(U)  The  interpropellant  dynamic  shaft  seal  or  seals 

tentatively  selected  were  face-riding  rubbing  contact  seals,  chosen  because  of 
their  low  leakage  and  static  sealing  capability.  Shaft  diameter  which  is  fixed 
by  stress  and  critical  speed  fixed  the  diameter  of  the  seal  face  at  2.50  in. 

At  30,000  rpm,  seal  rubbing  velocity  is  approximately  325  ft/sec,  a  relatively 
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high  value  for  this  type  of  seal.  Since  the  seal  is  in  a  cool  environment, 
satisfactory  operation  is  expected.  However,  higher  surface  velocities  would 
require  empirical  demonstration  testing. 

(U)  An  alternative  approach  was  also  investigated  in 

which  the  ground  rule  was  to  operate  at  least  20)5  above  the  first  critical 
speed  and  at  least  20/5  below  the  second  critical  speed.  In  this  case,  the 
turbine-end  roller  bearing  was  placed  outboard  of  the  turbine.  Thus  a  smaller 
turbine  bearing  could  be  used.  It  was  concluded  that  reliability  problems  of 
maintaining  alignment  and  operating  the  bearing  in  the  hot  turbine  exhaust 
stream  would  be  potentially  more  severe  than  those  associated  with  operating 
the  bearing  at  1.35  x  10^  DN,  Various  other  problems  such  as  increased  turbo¬ 
pump  length  and  possibility  of  excessive  shaft  deflection  at  the  oxidizer 
impeller  location  while  passing  through  the  critical  speed  regime  also 
contributed  to  the  rejection  of  the  outboard  bearing  concept. 

(2)  Component  Efficiencies 

• 

(U)  For  the  ARES  turbopump  operating  requirements,  the 

pump  efficiencies  improve  somewhat  in  the  30,000  to  1*0,000  rpm  range. 

Figure  IV-30  shows  the  Worthington  curve  of  pump  efficiency  as  a  function  of 
specific  speed.  Also  shown  is  an  approximately  average  curve  of  rocket-engine 
turbopump  efficiency  versus  design  specific  speed.  The  inline  oxidizer  and 
fuel  pump  efficiency  at  30,000  rpm  are  shown  on  the  curve  relative  to  the 
advanced  turbopump  design  points  operating  at  1(0,000  rpm.  Two  to  four  per¬ 
centage  points  in  efficiency  are  lost  by  operating  at  30,000  rpm  rather  than 
1(0,000  rpm.  The  efficiency  degradation  becomes  more  severe  as  design  speed 
is  decreased  further.  The  characteristics  of  this  curve  provide  incentive  to 
maintain  design  speed  as  high  as  practical,  contingent  on  othev  limitations 
such  as  bearing  DN. 
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(U)  Studies  indicate  that  turbine  efficiency  remains 

relatively  constant  over  design  speed  ranges  from  20,000  to  Ho,000  rpm  as 
shown  in  Figure  IV- 31  and  indicate  turbine  efficiencies  of  75  to  Q0%  and 
possibly  even  higher  can  be  obtained. 

(3)  Turbopump  Weight 

(U)  Early  in  the  conceptual  design  effori,  layouts  of 

turbopumps  at  20,000,  30,000,  U0,000,  and  50,000  rpm  design  speed  were 
prepared.  These  concepts  were  sufficiently  close  to  the  configuration  ulti¬ 
mately  chosen  to  allow  a  realistic  weight  comparison  to  be  made.  Figure  IV- 32 
shows  the  curve  of  weight  versus  speed  for  the  designs  evolved. 

(U)  Because  of  the  bearing  DN  restraint,  which  made 

outboard  turbine-end  bearings  essential  as  speeds  approach  1*0,000  rpm,  the 
weight  curve  has  an  abrupt  and  significant  discontinuity  between  30,000  and 
40,000  rpm.  The  additional  structure  necessary  to  support  the  outboard 
bearing  and  the  overall  increase  in  turbopump  length  resulted  in  a  substantial 
increase  in  turbopump  weight.  Speeds  approaching  50,000  rpm  were  found  to  be 
required  to  offset  this  weight  gain.  While  such  high  speeds  are  not  undesir¬ 
able  per  se,  it  was  found  that  the  turbine  design  became  highly  unconventional. 
To  accommodate  the  required  gas  weight  flow,  an  approximately  fixed  turbine 
annulus  area  is  required.  As  turbine  tip  diameter  was  reduced  (to  maintain  a 
reasonable  range  of  turbine  U/Co)  the  blade  heights  increased  until  the  wheel 
became  virtually  "all  blade."  In  addition,  fluid  vorticity  dictated  that  the 
long  blades  be  highly  twisted  to  accommodate  radial  equilibrium  requirements 
of  the  gas  flow. 

(U)  The  engine  specification  provides  for  20-ft  N?SH 

for  both  propellants  at  the  engine-to-vehicle  interface.  Without  boost  pumps, 
a  speed  of  less  than  20,000  rpm  (or  exceptionally  advanced  inducers)  would 
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be  required  for  normal  operation.  This  low  speed  would  result  in  substantial 
weight  and  component  efficiency  penalties.  Because  of  the  additional  suction 
head,  a  turbopump  design  speed  of  30,000  rpm  or  higher  is  warranted  with  the 
boost  pumps.  Thus  bearing  til,  weight,  and  turbine  design  considerations,  as 
well  as  such  practical  considerations  as  standard  spline  and  bearing  sizes,  led 
to  a  nominal  design  speed  of  approximately  30,000  rpm.  (Without  the  bearing  DN 
limitation  the  optimum  speed  would  have  increased  to  about  35,000  rpm.) 

c.  Selection  Summary 

(U)  Based  on  established  ground  rules  and  design  objectives, 

a  vertical  shaft  (inline  with  the  thrust  chamber  axis)  turbopump  with  centrif¬ 
ugal  pump  impellers  and  an  end-mounted,  single-stage  axial  flow  turbine  was 
selected  (Figure  IV-33). 

(U)  Major  reasons  for  selecting  this  concept  include: 

(1)  The  low-pressure,  ambient-temperature,  dynamic 
shaft-seal  environment  allows  conventional  seals 
to  be  used. 

(2)  All  hot  parts  are  localized  at  the  turbine  end,  thus 
minimizing  potential  thermal  distortion  problems. 

(.;)  Symmetry  of  flow  passages  throughout  will  minimize 
radial  hydraulic  loading. 

(b)  Ease  of  engine  integration. 

(5)  Power  transmission  simplicity. 

(6)  No  turbine-end  seal  required;  the  oxidizer  bleeds 
into  oxidizer-rich  gas. 

(7)  Acceptable  turbopump  weight  of  approximately  350  lb. 

(8)  Ease  of  housing  fabrication. 

(U)  A  detailed  description  of  the  selected  inline  turbopump 

is  presented  in  the  following  section. 
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3.  Design  and  Analysis 

a.  Description  of  Inline  Turbopump 

(U)  i.  's  section  presents  a  more  detailed  description  and 

discussion  of  design  features  of  the  selected  vertical-shaft  concept  for  the 
inline  turbopump.  A  cross  section  of  the  unit  is  shewn  in  vigure  IY-33.  All 
performance  data  for  this  TPA  are  presented  in  the  ARES  Engine  Handbook , 
(Appendix  I). 

(l)  Turbopump  Assembly 

(U)  The  inline  turbopump  consists  of  a  two-stage 

centrifugal  fuel  pump,  a  single-stage  centrifugal  oxidizer  pump,  and  a  single- 
stage,  low-reaction,  axial- flow  turbine  installed  on  a  common  shaft.  Design 
operating  speed  is  30,000  rpm.  Estimated  weight  of  the  unit  including  primary 
injector  initially  was  350  lb.  This  estimate  was  reduced  to  300  lb  as  the 
design  was  refined. 


(2)  Fuel  Pump 

(C)  The  fuel  pump  flow  enters  radially  through  a 

"radial  in-flow"  scroll  to  a  separate  inducer.  The  inducer  discharges  into 
the  inlet  of  the  first-stage  centrifugal  impeller.  This  stage  provides  a 
discharge  pressure  of  approximately  3700  psi  and  feeds  approximately  80%  of 
its  total  flow  to  twin  discharge  lines  ( from  which  boost-pump  turbine  flow  is 
tapped)  and  then  through  a  valve  to  the  secondary  injector.  The  remaining 
20%  of  the  flow  is  tapped  off  symmetrically  from  the  first-stage  volute  and 
fed  to  the  second-stage  impeller.  In  the  second  stage,  the  fuel  rressure  is 
increased  to  approximately  6000  psi  and  supplied  to  the  primary  combustor. 
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Predicted  efficiency  of  the  first-stage  i«_°l  pump  is  approximately  66%. 
Efficiency  of  the  second-stage  fuel  pump  is  predicted  to  be  55%  • 

(3)  Oxidizer  Pump 

(C)  Oxidizer  enters  the  pump  radially  through  an  inlet 

scroll  to  a  separate  inducer.  The  inducer  discharges  into  the  inlet  of  the 
single-stage  oxidizer  pump.  The  shrouded  centrifugal  impeller  increases  the 
pressure  to  approximately  6000  psi.  Predicted  oxidizer  pump  efficiency  is 
approximately  68%.  Frcm  the  impeller,  the  oxidizer  passes  through  tandem  vaned 
diffuser  downstream  of  which  oxidizer  boost-pump  turbine-drive  flow  is  tapped, 
and  then  into  the  annular  oxidizer  housing.  Flow  from  the  oxidizer  housing 
enters  the  thrust  chamber  down-tubes  and  returns  in  the  up-tubes  to  enter  the 
annular  primary  combustor  enclosed  by  the  oxidizer  housing.  The  primary 
combustor  supplies  oxidizer-rich  gas  to  the  turbine. 

(U)  Turbine 

(C)  The  turbine  consists  of  a  single-stage,  low- 

reaction,  axial- flow  design  which  develops  approximately  If  ,500  bhp  at  a 
pressure  ratio  of  1.5  at  a  nominal  inlet  temperature  of  12hO°F.  Predicted 
efficiency  is  75%  at  design  speed.  The  turbine  gas  exhaust  with  virtually 
no  residual  whirl  component  when  operating  at  design  speed.  However,  during 
engine  start-up  at  low  turbine  speeds,  considerable  exit  whirl  exists  which 
could  cause  nonuniform  flow  to  the  secondary  injector.  Therefore,  exit¬ 
straightening  vanes  are  provided.  These  vanes  also  support  a  heat  shield  over 
the  turbine  disc  to  minimize  radiation  heating  of  the  disc  from  the  flame  in 
the  secondary  combustor.  The  heat  shield  also  provides  a  diffusing  passage 
for  the  exhaust  gas  vo  minimize  diffusion  loss  in  the  turbine  exit  plenum. 
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(5)  Power  Transmission 

(a)  Thrust  Bearings 

(U)  Axial  thrust  of  each  rotor  element  will  he 

balanced  as  closely  as  possible,  and  the  design  features  a  fully  self-compen¬ 
sating  axial-thrust  balance  system.  Thus,  axial  bearing  loads  should  be 
relatively  light,  on  the  order  of  300  to  500  lb.  However,  the  design  incorpor¬ 
ates  a  match-ground  pair  of  1+0  mm  ball  bearings  with  a  total  axial  load  capacity 
on  the  order  of  3000  lb. 

(U)  The  ball  bearings  provide  axial  restraint 

during  transient  operation.  They  are  carried  in  a  radially  flexible  support 
to  avoid  radial  loading.  The  flexible  support  will  be  strain-gaged  to  serve 
as  a  double-acting  (bidirectional)  axial  thrust  measuring  sleeve. 

(b)  Roller  Bearings 

(U)  Completely  symmetrical  flow  passages  within 

the  turbopump  and  operation  well  below  the  first  critical  speed,  provide 
assurance  that  radial  bearing  loads  will  be  minimized.  The  radial  load¬ 
carrying  bearings  are  35-  and  i+5-mm  roller  bearings.  Radial-load  capacity  of 
500  lb  has  been  demons inated  for  long  term  and  1000  1b  for  transient  operation 
as  discussed  in  Section  IV, G. 

(c)  Dynamic  Seals 

(U)  The  turbopump  configuration  was  arranged  to 

permit  the  dynamic  seals  to  be  located  in  an  ambient  temperature,  low-pressure 
environment  by  sealing  between  liquid  oxidizer  and  liquid  fuel  at  the  pump 
inlets , 


Page  IV-92 

CONFIDENTIAL 

(This  page  is  Unclassified) 


UNCLASSIFIED 


Report  10830-F-l ,  Phase  I 
IV ,  D ,  Backup  Turbopump  ( cont . ) 

(U)  A  pair  of  commercially  available,  conventional 

face-riding,  carbon-nosed  seals  are  used  between  the  two  pump  inlet  housings. 
Rubbing  velocity  is  327  ft/sec.  An  inert  purge  fluid  (DuPont  PR  1^3)  is  admitted 
to  the  inter-s^al  cavity.  Any  inert  fluid  leakage  will  lubricate  the  face  seals 
as  it  flows  toward  either  pump  inlet.  An  inert  fluid  reservoir  is  located  on 
the  pump  housing. 

(U)  Both  seal  running  rings  are  immersed  in  and 

cooled  by  propellant.  The  dynamic  seal  location  has  ample  room  to  allow 
alternative  seal  concepts  such  as  hydrostatic  and  visco-seal  (shaft  screw- type) 
designs  to  be  installed,  if  desired. 

(U)  No  other  positive  dynamic  seals  are  required 

in  the  turbopump  assembly.  At  the  turbine  end,  oxidizer  that  cools  the 
turbine-end  roller  bearing  is  permitted  to  pass  through  a  labyrinth  into  the 
turbine  plenum.  Pressure  drop  across  the  beariij  and  labyrinth  can  be  con¬ 
trolled  by  an  upstream  orifice. 

(d)  Wear  Rings  and  Other  Potential 
Rubbing  Surfaces 

(U)  Symmetry  of  the  housing  is  expected  to  minimize 

radial  hydraulic  loads  and  distortior..  However,  the  inline  turbopump  incor¬ 
porates  inserts  at  all  areas  at  which  close  running  clearances  are  required  in 
both  the  oxidizer  and  fuel  pumps. 

(U)  In  connection  with  the  rub-precipitated  explo¬ 

sion  hazard,  the  oxidizer  inducer  and  centrifugal  impeller  have  been  designed 
to  use  steel  to  minimize  the  possibility  of  vane  failure  and  potential  hard 
rubbing  of  a  resulting  broken  piece  against  the  oxidizer  housing.  In  the 
inline  turbopump  design  full  use  was  made  of  information  obtained  from  the 
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wear  ring  program  conducted  for  the  T-engine  TPA.  Size  envelopes  were  provided 
to  permit  fixed  labyrinths  or  floating  hydrostatic  seals  to  be  installed,  as 
desired. 

(e)  Instrumentation 

(U)  Conventional  instrumentation  can  be  installed 

with  relative  ease  in  the  inline  turbopump.  Thrust  bearing  thermocouples  can 
be  installed  in  the  flexible  bearing  mount  and  the  leads  carried  together  with 
the  thrust  measurement  strain-gage  leads,  out  to  an  external  connector.  The 
turbine-end  roller  bearing  thermocouple  can  be  inserted  directly  from  the  out¬ 
side,  through  the  oxidizer  diffuser  vanes  and  housing  to  the  bearing  race.  A 
double-seal  arrangement  with  an  inter-seal  vent  to  pump  inlet  pressure  is  used 
to  minimize  leakage  problems  along  the  instrumentation  leads.  The  fuel-pump 
roller-bearing  thermocouples  are  installed  through  the  housing  body.  A  pair 
of  electromagnetic  speed  pickups  can  be  installed  at  the  periphery  of  the  fuel- 
seal  running  ring.  The  periphery  of  the  running  ring  is  notched  to  provide 
conventional  indication  of  rotational  speed. 

(f)  Static  Seals 

(U)  All  static  seals  to  atmosphere  throughout  the 

assembly  are  paired,  with  an  interseal  vent  back  to  pump  inlet  pressure.  This 
arrangement  effectively  avoids  high-pressure  static  seals  to  atmosphere. 
Conventional  O-ring  seals  are  planned.  The  turbopump  has  no  internal  positive 
static  seals,  no  bellows,  and  no  interpropellant  welds  or  bulkheads. 
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(g)  Primary  Combustor  Injector  Flooding 

(U)  In  design  reviews  of  the  inline  TPA  it  was 

speculaxed  that  since  the  primary  combustor  injector  fires  upwards  in  this 
design,  the  result  could  be  the  potential  of  the  leading  propellant  (oxidizer) 
to  fall  back  and  drain  into  the  fuel  orifices.  This  event  would  cause  internal 
explosions  when  the  hypergolic  fuel  reached  the  injector  manifold. 

(U)  Cor.  ii  derat  ion  of  this  possible  occurrence 

reveals  that  the  possibility  exists  only  on  ground  start  where  gravitational 
influences  and  atmospheric  pressure  exist.  Zero-g  starts  in  a  space  vacuum 
should  be  entirely  safe  since  the  oxidizer  propellant  will  flash  rapidly  and 
also  will  not  tend  to  fall  back,  since  gravity  forces  are  absent.  Safe  starts 
in  space  have  been  achieved  with  these  propellants  on  numerous  occasions: 

Titan  III  and  Transtage,  for  example. 

(U)  In  view  of  the  fact  that  this  is  a  ground- 

start  problem  only,  several  effective  solutions  exist.  The  most  promising 
approach,  once  the  engine  is  developed,  is  to  simply  seal  the  orifices  with 
a  thin  membrane.  Other  approaches  suited  to  repetitive  development  firings 
are  to  use  inert  liquid  or  gas  purges  in  the  fuel  system.  Also  the  fuel  system 
downstream  of  the  primary  fuel  valve  up  to  the  injector  can  be  prefilled  with 
an  inert  viscous  liquid  to  prevent  entry  of  the  oxidizer  into  the  fuel  system. 
Thus,  it  is  apparent  that  effective  means  of  eliminating  the  potential  problem 
are  available  in  the  event  that  the  problem  exists. 
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b.  Turbopump  Assembly  Analysis  and  Design 

(l)  Engine  Requirements  and  Cycle  Considerations 

(C)  The  ARES  engine  is  a  100K,  high-pressure,  gas- 

liquid,  staged-combustion  topping  cycle,  engine  using  propellants  and 

AeroZINE  50  as  the  oxidizer  and  fuel,  respectively.  This  engine  uses  the 
inline  TPA,  without  significant  changes  in  basic  performance  or  transient 
characteristics . 

(U)  A  computer  model  of  the  engine  was  used  to  obtain 

a  preliminary  power-balanced  engine  pressure  schedule  from  which  the  necessaiy 
pump  and  turbine  operating  parameters  and  performance  values  were  obtained. 

(C)  The  inline  turbopump  design  makes  some  of  the 

engine-cycle  requirements  less  rigorous  than  the  advanced  turbopump.  Most 
obvious  is  the  absence  of  the  combustion  seal  which  makes  approximately 
10  lb/sec  more  gas  available  to  the  turbine  (since  it  is  not  used  by  the  seal), 
providing  additional  power. 

(U)  A  second  factor  is  the  lower  operating  speed: 

30,000  rpm  compared  with  40,000  rpm  for  the  advanced  version.  Assuming  iden¬ 
tical  suction  specific  speeds  for  both  designs,  NPSH  can  be  reduced  by  the 
speed  ratio  (0.75)  to  the  U/3  power,  or  approximately  33$.  Thus,  the  power 
involved  in  the  boost  pump  hydraulic  drive  loop  can  be  reduced  by  a  similar 
amount  after  a  small  adjustment  is  made  for  the  extra  pressure  drop  in  the 
inlet  scrolls. 

(U)  Other  differences  include  reduced  pressure  loss  in 

the  turbine  exhaust  to  secondary  injector  as  well  as  reduced  oxidizer  housing 
and  manifolding  pressure  losses. 
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(U)  The  net  cycle  benefits  of  increased  power  avail¬ 

ability  and  reduced  power  losses  can  be  used  to  varying  degrees  in  one  or  mere 
of  the  following  typical  ways:  (l)  reduced  turbine  gas  temperature,  (2)  less 
stringent  component  efficiency,  (3)  single  stage  instead  of  two  stage  fuel 
pump,  (4)  increased  bearing  coolant  flows,  or  (5)  larger  running  clearances 
with  higher  leakages  but  less  danger  of  rubbing.  At  the  present,  full  advan¬ 
tage  is  taken  of  Item  (2).  Turbine  temperature  required  is  only  slightly 
above  that  required  for  the  advanced  turbopump,  in  spite  of  lower  component 
efficiencies . 

(2)  Oxidizer  Pump  Analysis  and  Design 


(U)  The  oxidizer  pump  is  a  single-stage  centrifugal 

design  with  a  separate  inducer  to  obtain  optimum  cavitation  performance. 

The  impeller  flow  discharges  radially  across  tandem  diffuser  vane  rows  and 
turns  axially  to  enter  52  drilled  holes  in  the  housing  which  match  the  thrust 
chamber  tubes.  The  analysis  followed  conventional  practice  throughout.  The 
impeller  is  double  shrouded  and  has  front  and  back  labyrinth  or  hydrostatic 
seals  to  minimize  axial  thrust  without  excessive  leakage  flow.  Leakage  losses  * 
were  initially  estimated  for  stepped  labyrinths  and  later  refined  to  account 
for  the  use  of  hydrostatic  seal  devices . 


(a)  Oxidizer  Inducer 

(C)  The  four  vaned  inducer  is  designed  for  a 

suction  specific  speed  (N  )  of  30,000  rpm  (gpm)1/,2/(NPSH)^\  Inlet  flow 
coefficient  is  0.104,  solidity  with  leading  edge  fairing  is  1.75*  Inlet  tip 
diameter  is  U.Oi*  in.,  inlet  hub-tip  ratio  (r^/r^)  is  0.591*.  The  hub  tapers 
with  an  8  degree  half  angle,  with  the  vanes  normal  to  the  hub.  The  tapered 
inducer  hub  permits  a  more,  optimum  main  impeller  hub  contour  and  helps  to 
avoid  backflow  along  the  inducer  hub.  The  forward  canted  blades  cause 
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centrifugal  force  to  partially  off-set  fluid  loading,  to  minimize  bending 
stress.  In  addition,  such  blades  have  a  "cupped"  geometry  which  gives  them  a 
modest  increase  in  section  modulus.  Inducer  material  is  AM  350. 

(U)  The  inducer  has  an  inlet  vane  angle  of  10.1*2 

degrees,  giving  an  incidence  to  vane  angle  ratio  ( i/6 )  of  0.1+25  with  vane 
blockage  ignored.  Optimum  i/8  has  been  empirically  shown  by  Stripling  to  be 
0.1+25. 

(U)  The  inducer  has  been  designed  for  leading  edge 

loading,  with  only  sufficient  camber  to  account  for  the  area  change  caused  by 
the  tapered  hub.  Design  inducer  head  rise  is  835  ft. 

(U)  Stress  analysis  of  the  inducer  initially 

indicated  excessive  stress  near  the  leading  edge,  especially  in  the  tip  region, 
requiring  a  moderate  change  in  the  fairing  taper  and  a  thickening  of  the 
leading  edge,  A  positive  margin  of  safety  was  achieved  in  this  manner,  on 
the  basis  of  a  modified  Goodman  Diagram,  using  a  1.25  factor  of  safety. 

(b)  Pump  Impeller 

(C)  The  oxidizer- pump  impeller  is  designed  to 

accept  the  inducer  exit  flow  with  3  degrees  of  incidence.  Vane  exit  angle  is 
28  degrees  and  exit-flow  coefficient  is  0.120.  Design  pump  head  coefficient 
is  0,512  with  an  11  vane  impeller.  Design  exit  diameter  is  6.0  in. 

(C)  Impeller  vane-angle  (8)  distribution  was 

established  to  provide  uniform  vane  loading  conditions  from  inlet  to  exit. 
Design  pump  head  rise  is  9183  ft,  at  a  flowrate  of  1589  gpm.  Overall  pump 
specific  speed  is  1275.  Stress  analysis  shows  this  impeller  to  have  very  low 
stress  levels,  under  60,000  psi  throughout. 
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(c)  Diffuser  Vanes 


(U)  The  required  high  headrise  of  the  oxidizer 

impeller  together  with  a  relatively  low  pump-exit  fluid  velocity,  requires 
that  effective,  efficient  diffusers  be  employed.  Thus,  two  diffuser  vane  rows 

have  been  used.  The  conventional  first-diffuser  row  is  designed  in  accordance 

*'  •# 

with “Aerojet  practice  which  has  been  empirically  verified  on  other  programs. 

The  design  of  the  second  row  is  an  adaptation  of  cascade  designs  by  Wislicenus , 
resulting  in  airfoil  vane  profiles . 


(U)  The  first  vane  row  diffuses  the  absolute 

evelocity  from  395  to  270  ft/sec  based  on  experience  with  conical  diffusers, 
Design"  point  incidence  is  3.2  degrees.  Predicted  stall  margin  is  slightly 
over  20#  based  on  Titan  IIA  data.  The  fluid  leaving  the  diffuser  vanes 
retains  a  significant  whirl,  but  eventually  must  enter  the  axially  drilled 
passages,  and  the  residual  whirl  energy  would  be  lost.  Thus  the  second  vane 
row  was  added  to  remove  a  major  portion  of  the  residual  whirl  prior  to  entry 
into  the  axial  passages.  This  second  vane  row  turns  the  fluid  approximately 
30  degrees  and  reduces  the  absolute  velocity  from  220  to  130  ft/sec.  Design 
stall  margin  is  predicted  to  be  approximately  20%  on  the  second  vane  row  as 
Well.  However,  the  actual  performance  of  the  two  vane  rows  in  series  including 
the  effects  of  channel  wall  boundary  layer  and  channel  wall  curvature  in  the 
second  vane  row  will  require  empirical  resolution. 


(3)  Fuel  Pumps 


(U)  The  fuel  pump  is  a  two-stage  design,  in  which  the 

first  stage  serves  as  an  axial  thrust  piston  as  well.  The  second  stage  pumps 
approximately  20#  of  the  flow  to  a  high  pressure  to  feed  the  primary  combustor. 
The  fuel  pump  also  incorporates  a  separate  inducer  to  obtain  optimum  suction 
performance.  Design  of  this  pump  follows  closely  the  methods  mentioned 
previously. 
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IV,  D,  Backup  Turbopump  (cont.) 

(a)  Inducer 

(C)  The  fuel  inducer  design  is  similar  to  the 

oxidizer  inducer,  featuring  cylindrical  tip  and  tapered  hub.  Design  suction 
specific  speed  is  30,000  rpm.  Inlet  flow  coefficient  is  0.101,  solidity  with 
leading  edge  fairing  is  1.75.  Tip  diameter  is  3.60  in.,  hub-tjp  ratio  (§)  is 
0.6l3.  The  hub  has  an  8  degree  taper,  and  the  blades  are  canted  forward 
8  degrees  to  optimize  structural  characteristics.  Blade  camber  is  only  suffi¬ 
cient  to  account  for  hub  taper.  The  inducer  . nlet  angle  is  10  degrees  which 
results  in  an  i/3  ratio  of  0.b25  wi^’i  vane  blockage  ignored..  Design  head  rise 
is  660  ft.  This  inducer  required  changes  similar  to  the  oxidizer  inducer  to 
achieve  acceptable  stresses  and  a  positive  margin  of  safety. 

(b)  First-Stage  Fuel  Impeller 

(C)  The  first-stage  fuel  pump  is  designed  to 

produce  a  head  rise  of  9500  ft  at  a  flow  rate  of  11^0  gpm.  It  uses  a  double 
shrouded  impeller  of  6  in.  in  diameter  and  a  28  degree  vane  exit  angle.  Inlet- 
flow  coefficient  js  0.13^,  discharge  flow  coefficient  is  0.100.  The  predicted 
pump  head  coefficient  is  0.5^2.  Vane  inlet  angle  is  13.8  degrees,  giving 
3.^5  degrees  of  incidence.  The  vane  angle  distribution  was  established  to 
achieve  uniform  head  rise  distribution.  The  impeller  shrouds  have  radial 
and  axial  orifice  faces,  which  provide  automatic  axial  thrust  balance  capability. 

(U)  The  thrust-balance  function  of  this  impeller 

required  an  unconventional  shroud  shape,  and  pressure  relief  holes  in  the  hub. 
Stress  analysis  initially  indicated  yielding  would  occur  at  the  pressure  relief 
holes,  presenting  a  low  cycle-fatigue  problem.  Also  the  heavy  shroud  contour, 
required  for  the  radial  orifice  faces  at  the  impeller  periphery,  resulted  in 
a  relatively  low  burst  speed  of  39,000  rpm.  A  modification  was  made  to  the 
impeller  to  eliminate  these  problems  which  included  extending  the  main  vanes 
toward  the  impeller  suction  to  provide  better  shroud  support,  reducing  the 
shroud  thickness ,  and  shifting  the  impeller  center  of  gravity  to  reduce  localized 
bending  stresses. 
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IV,  D,  Backup  Turbopump  (cont.) 

(c)  Diffuser 

(U).  The  fuel  diffuser  is  of  conventional  geometry, 

designed  as  straight-walled  diffuser  elements.  Design  incidence  is  1.55 
degrees.  The  absolute  fluid  velocity  is  diffused  from  408  to  258  ft/sec. 

Exit  angle  is  13  degrees  which  closely  approximates  the  volute  spiral  angle. 
Volute  velocity  is  100  ft/sec.  The  volute  has  twin  exits  into  lines  which 
join  downstream  in  a  Y-section  just  ahead  of  the  secondary-injector  fuel  valve. 


(d)  Second-Stage  Fuel  Pump 

(C)  The  second-stage  fuel  pump  receives  flow  from 

the  first-stage  volute  through  ten  ports  drilled  in  the  housing.  The  impeller 
has  swept-back  vanes  with  an  exit  vane  angle  of  22-1/2  degrees.  Impeller 
diameter  is  4.5  in.  Exit  flow  coefficient  is  0.075.  Design  head  rise  is 
5349  ft  at  a  flowrate  of  l68  gpm.  The  low  specific  speed  of  this  stage, 

| ' ’  |> led  to  the  use  of  an  open-faced  design  to  eliminate  windage 
and  leakage  losses  associated  with  the  front  shroud.  The  low  specific  speed, 
and  low  exit  flow  coefficient  of  this  design  also  resulted  in  a  very  small 
fluid-exit  angle,  such  that  diffuser  vanes  were  impractical.  Since  efficiency 
of  this  stage  is  not  a  significant  factor,  diffuser  vanes  were  not  used  on  this 
stage.  A  double  exit  collector  was  also  used  on  this  stage  to  minimize  radial 
hydraulic  loads.  As  on  the  first  stage,  the  discharge  lines  form  a  "Y"  Just, 
upstream  from  the  control  valve. 

(4)  Turbine  Design 

(U)  The  turbine  receives  gas  from  an  annular  gas 

generator  (preburner)  surrounding  the  ur.it  and  exhausts  across  the  secondary’ 
injector  into  the  thrust  chamber. 
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(a)  Basic  Sizing 

(C)  The  turbine  was  designed  to  produce  10,500  bhp 

at  a  pressure  ratio  of  1.5.  Turbine  design  inlet  te^ierature  was  12UC°F.  The 
cycle  requires  that  the  turbine  receive  the  entire  preburner  gss  flow  at  an 
inlet  pressure  of  b?80  psia.  The  nozzle  area  is  fixed  by  this  requirement  for 
a  design  flowrate  of  238  lb /sec. 

(b)  Turbine  Bozzle 

(U)  Physical  size  cf  the  turbine  bearing  housing 

dictated  a  slightly  slanted  nozzle  passage.  This  geometry  also  reduces  inlet 
losses  from  the  primary  combustor  and  improves  the  velocity  profile  at  the 
rotor-blade  inlet  on  the  basis  of  considerations  of  radial  equilibrium. 

(C)  The  design  conditions  permit  a  favorable 

nozzle  geometry.  There  are  17  nozzles  with  a  height  of  1.02  in.,  an  efflux 
angle  of  15  degrees  and  a  total  throat  area  of  U.60  in.  .  The  nozzle  material 
is  Hastelloy  25,  chosen  because  of  its  adequate  high-temperature  strength  and 
good  ductility.  Material  T13C  is  a  suitable  alternative. 

(c)  Turbine  Rotor  Blading 

(C)  The  rotor  has  22  blades  designed  for  radial 

equilibrium  nozzle  efflux  conditions.  The  static  pressure  ahead  of  the  blades 
varies  from  3150  psia  at  the  root  to  3860  psia  at  the  tip.  Reaction  varies 
from  3  to  52j  from  blade  root  to  tip.  The  resulting  blade  is  moderately 
twisted,  with  exit  angles  of  25  and  17  degrees  at  the  root  and  tip,  respectively 

(U)  The  blade  profile  is  designed  for  good  effi¬ 

ciency  while  maintaining  acceptable  structural  and  vibration  characteristics. 
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The  root  section  duplicates  an  impulse-type  configuration  found  in  a  196U  test 
program  by  HASA  to  have  excellent  efficiency,  yet  is  relatively  insensitive 
to  fluid  entrance  angle.  The  tip  section  is  similar  to  accepted  commercial 
blading.  Figure  IV-3b  shows  the  turbine  cross  section  and  blading  profiles. 

(U)  The  diagram  efficiency  cf  the  turbine  is  8Uy£. 

Approximately  20  lb/sec  tip  leakage  is  predicted  for  a  running  clearance  of 
0.030  in.  and  reduces  the  efficiency  to  77 %.  Assumed  additional  parasitic 
losses  result  in  a  predicted  total  to  static  efficiency  of  T?%. 

(d)  Mechanical  Design 

(U)  The  rotor  blade  width  was  established  from 

considerations  of  stress  and  vibration.  Tension,  bending,  and  shear  stresses 
were  considered,  including  oscillating  loads  caused  by  the  nozzle  wakes.  The 
fluctuating  loads  include  a  magnification  factor  depending  on  the  proximity 
of  the  forcing  frequency  to  the  natural  frequency  of  the  blade.  The  forcing 
frequency  at  30,000  rpm  is  8500  ops.  Hollow  blades  were  used  to  obtain  a 
natural  frequency  Ox  12,800  cps ,  sufficiently  above  the  8500  cps  forcing 
frequency  to  achieve  an  acceptably  low  magnification  factor.  The  hollow  blades 
also  minimize  the  overhung  weight  of  the  turbine ,  giving  a  moderate  improvement 
in  critical  speed.  Blade  stresses  are  acceptable  with  positive  margins  of 
safety  using  a  1.25  factor  of  safety.  The  mean  stress  levels  are  on  the  order 
of  80,000  psi. 

(U)  The  rotor  disc  is  mounted  on  the  shaft  by 

involute  splines.  (The  required  spline  size  dictated  the  U5  mm  size  of  the 
turbine-end  roller  bearing  which  is  installed  from  the  turbine  end. )  The 
turbine  disc  is  an  approximately  constant  stress  geometry.  However,  some  first 
cycle  yielding  of  the  rim  is  predicted.  This  is  a  common  and  acceptable  con¬ 
dition,  resulting  from  combined  thermal  and  centrifugal  stresses.  It  occurs 
only  on  the  first  use  cycle,  thus  does  not  create  a  cyclic  fatigue  problem. 
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(U)  The  rotor  disc  and  integral  blades  are  designed 

to  be  machined  from  a  one-piece  forging  of  Udimet  700.  Udiraet  500  is  an  alter¬ 
native  material  because  of  its  excellent  ductility.  However,  Udimet  700  has 
better  high-temperature  strength,  and  thus  remains  the  first  choice. 

(U)  At  design  conditions,  the  axial  thrust  of  the 

turbine  is  under  1000  lb.  The  effect  of  a  5l  pressure  deviation  ahead  and 
behind  the  wheel,  cause  a  12,000-lb  thrust.  However,  such  a  pressure  deviation 
corresponds  to  a  significant  shift  in  turbine  power,  and  represents  an  extreme 
condition,  not  associated  with  normal  operation.  The  axial  thrust  balance 
system  has  a  capacity  of  30,000  lb,  thus  could  accommodate  such  a  condition  if 
it  did  occur. 

(U)  The  turbine  gas  exhausts  with  virtually  no 

^residual  whirl  at  design  conditions.  Tne  exhaust  gas  flows  across  guide  vanes 
which  serve  to  straighten  the  flow  during  start  transient  conditions,  and  then 
across  the  secondary  injector  and  into  the  secondary  chamber. 

(U)  The  effect  of  heat  radiation  to  the  turbine 

from  the  high-temperature  flame  of  the  thrust  chamber  is  predicted  to  increase 
the  blade  trailing  edge  temperature  by  only  32°F  for  the  worst  conditions, 
which  assumes  no  shadowing  by  the  secondary  injector.  This  small  temperature 
rise  Is  Insignificant. 

(U)  Predicted  characteristic  power,  torque  and 

weight-flow  parameter  curves  for  this  turbine  are  presented  in  the  ARES  Engine 
Handbook. 
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(5)  Power  Transmission  Design 

(U)  The  power  transmission  design  involved  several 

major  aspects  which  are  discussed  in  this  section:  critical-speed  and  deflec¬ 
tion  analysis,  axial  thrust  analysis,  hearing  design,  shaft  design  and  seal 
design. 


(a)  Critical  Speed 

(U)  A  parametric  critical-speed  analysis  was 

conducted  during  the  concept  selection  phase  of  work  and  has  been  discussed 
in  that  section. 

(U)  Critical-speed  analysis  is  performed  with  the 

aid  of  a  comprehensive  computer  program  to  permit  investigation  of  bearing  and 
support  stiffness  effects  in  addition  to  the  basic  rotor  rigidity  and  weight. 
It  allows  the  use  of  nonlinear  spring  rates  and  damping  for  the  various 
elements,  thus  gives  an  accurate  prediction  of  the  critical  speed  of  the 
assembly. 

(U)  For  the  final  design  the  first  critical  speed 

is  predicted  to  be  slightly  over  Hp,000  rpm,  giving  more  than  k0%  critical- 
speed  margin.  The  second  critical  speed  is  well  above  the  range  of  interest. 

(U)  Shaft  deflection  was  also  calculated.  Maximum 

deflection  occurs  at  the  oxidizer  impeller  location.  At  nominal  operating 
speed,  the  predicted  deflection  is  approximately  0.0035  in.,  well  within 
acceptable  limits.  All  other  locations  have  negligible  deflections. 
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IV,  D,  Backup  Turbopump  (cont.) 

(b)  Axial  Thrust  Balance 

(U)  A  computer  study  was  performed  to  investigate 

the  engine  cycle  effects  of  using  the  first-stage  or  second-stage  fuel  impeller 
as  the  axial  thrust  balance  piston.  Use  of  the  second-stage  impeller  was 
originally  considered  because  it  appeared  that  less  flow  recirculation  would 
result,  and  the  fabrication  and  assembly  sequence  could  be  simplified.  However, 
use  of  the  second-stage  impeller  can  have  pronounced  effects  on  the  engine 
cycle  balance  even  though  total  flow  recirculation  is  less. 

(U)  The  second-stage  impeller  supplies  fuel  to  the 

primary  combustor,  and  the  potential  H-Q  Variations  associated  with  thrust- 
balancer  movement  cause  a  shift  in  primary  combustor  mixture  ratio.  This  in 
turn  shifts  the  power  balanced  operating  point  by  a  substantial  percentage. 
First-stage  H-Q  variation  effects  were  found  to  be  less  by  an  order  of  magnitude. 
The  results  of  this  study  were  a  deciding  factor  in  selecting  the  first-stage 
fuel  impeller  as  the  thrust-balance  piston. 

(U)  '  The  main  rotating  elements,  turbine  oxidizer 

impeller,  first-  and  second-stage  fuel  impeller  were  designed  to  be  balanced 
individually  to  reduce  axial  forces  on  the  shaft  and  to  minimize  effects  of 
pressure  variations.  The  mainstage  oxidizer  impeller  is  designed  to  have  low 
pressure  on  the  backside  to  match  the  force  on  the  inlet  side,  The  wear  rings 
are  located  approximately  the  same  radius  at  inlet  and  backside.  The  second- 
stage  fuel  impeller  has  backvanes  to  reduce  backside  force 

(U)  The  thrust  balancer  on  the  first-stage  fuel 

impeller  consists  of  a  labyrinth-land  combination  on  both  impeller  shrouds 
(double  acting).  The  labyrinth-land  combination  of  flow  restrictors  in  series 
is  sensitive  to  axial  movement  and  produces  a  load  capacity  of  plus  or  minus 
30,000  lb.  A  nominal  operating  clearance  of  0.007-in.  labyrinth  and  0.010-in. 
land  was  chosen  as  a  compromise  between  flow  rate,  balancer  stiffness  and 
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variables  affecting  clearances  such  as  pressure,  thermal  an'd  centrifugal  distor¬ 


tions.  The  total  flow  rate  for  the  thr  .st  balance?  is  1-73  gpm  in  the  -neutral-  . 

;  ,v|  V..  .  5  ,  -  •• 

position.  1  \  »•  V 

*  v  ,  v  ;*  -/ 

(c)  Bearing  Design  ' 

■  ’  i,,  '  *  ’  1  I 

*r 

(U)  .Because  of  flow  symmetry  in  the  design,  , 

hydraulic  loads  are  not  expected. to  cause  significant  radial  bearing  loads. 
Bearing  loads  versus  operating- speed  are  obtained  from  the  computer  program 

for  critical  speed.  Predicted  nominal  loads  of  ,385  lb  per  bearing  are  signifi- 

,<**•**, 

cantly  less  than  those  successfully- demonstrated  during  the  bearing  development 

program.  ’  *  *V’  ‘ 

(U)  The  i|l|ne -TPA.be ar in gs,  their  analysis,  ■ 

design  and  testing  is  discussed',  in  IV  ,G'. 

»  '  '  *  **•  *  ■* 

(d)  Shaft  Design.',,  -  '  ", 


•ft 

(g)  The  turbj^i^mp.  sh'aft  transmits  10,500  hp  at1 

*• '  f'v  "  ,  /  ,  , 

30,000  rpm.  Its  stiffness  is  a  signific'anihfaOtor1  in  establishing  critical 

speed.  In  addition,  configuration  of  the/^h'ift,  is  closely  related  to  the 

sequence  by  which  the  TPA  mus^  be  as sembld.^. ^Further,  the  shaft  must  be  care- 

fully  designed  to  permit  precise  control  of .position  bt  ail  shaft  riding 

elements,  since  the  relationship  of  rotatip^^fid .stationary  components  is 

critical  in  high-speed,  high-performance  turbomachinery .  Also,  the  required 

A'.‘  V 

shaft  size  for  adequate  torsional  strength  and  .^t  Iff  ness ,  establishes  the 
required  bearing  size.  Because  of  limitations  en .bearing  DN,  5he  shaft  size 
must  be  as  small  as  possible  within  the  previous’  limitations . 


(U)  All  the  foregoing  factors  have  been  considered 

in  defining  an  acceptable  shaft  configuration.  A follow  shaft  of  AM  350  was 
also  considered.  However,  it  is  not  required  foy  critical  speed  and  does  not 
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;>  achieve  significant  weight  reduction.  Thus  there  are  no  apparent  advantages 


to  warrant  the  added  machining  cost. 


(e)  Interpropellant  Seals 


(U)  Physical  arrangement  of  the  inline  turbopump 

results  in  an  interpropellant  dynamic  shaft  seal  between  the  propellant  inlets. 
The  seal  environment  is  therefore  cool  and  seal  AP  is  always  low,  being  related 
only  to  pump  inlet  pressure. 


(U)  Three  methods  of  sealing  were  considered.  One 

method  was  to  leave  a  cavity  open  to  atmosphere  between  back-to-back  positive 
contact  (rubbing)  seals.  This  approach  was  rejected  because  the  potential  for 
contaminating  the  engine  compartment  with  propellant  in  the  event  of  seal 
failure.  A  second  method  was  to  enclose  the  interseal  area  and  pressurize  the 
cavity  with  an  inert  fluid.  Pupont  fluid  PR1^3  was  selected  for  this  purpose. 
Tills  method  appears  most  effective  in  assuring  positive  separation  of  the 
propellants,  even  in  the  event  of  seal  failure.  However,  the  added  complexity 
and- weight  of  a  seal  purge  supply  system  is  necessary. 


(u)  The  third  design  is  essentially  the  same  as 

the  second  method,  except  the  rubbing  contact  seals  are  replaced  by  hydro¬ 
static  liftoff  seals.  Surface  rubbing  velocity  is  325  ft/sec,  dictated  by 
turbopump  speed  and  shaft-size.  Such  velocities  are  near  the  upper  limit  for 
rubbing  contact  seals.  Hydrostatic  liftoff  seals  do  not  rub  in  operation; 
therefore,  they  are  not  constrained  by  allowable  surface  speed  limits.  They 
do^have  a  higher  nominal  leakage  rate,  Lid  thus  would  require  a  larger  purge 
fluid  system, s  Both  approaches  provide  a  static  se  1  when  the  pump  is  stopped. 


(U)  The  inline  turbopump  has  been  designed  to 

accommodate  either  of  the  latter  two  approaches  interchangeably .  Test  results 
would  be  used  to  make  the  final  dynamic  seal  selection. 
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.up  Turbopump  { cont .. ) 


(U)  The  purge  fluid  supply  system  consists  of  a 

one  pint-container  with  a  spring  loaded  bladder  containing  a  low  viscosity 
grade  of  Dupont  PRll+3  fluid.  The  container  is  pressurized  by  oxidizer  pro¬ 
pellant  to  pump  inlet  pressure,  which  augments  the  spring  loaded  bladder  and 
provides  purge  fluid  to  the  seal  cavity  at  slightly  above  the  inlet  pressure 
of  either  propellant. 


(U)  The  purge-fluid  flow  is  controlled  by  a  valve 

made  integral  with  the  oxidizer  inlet  valve.  Initial  valve  actuator  travel 
opens  only  the  purge  valve,  admitting  purge  fluid  to  the  seal  cavity.  Further, 
valve  travel  opens  the  oxidizer  valve  a  controlled  time  interval  later.  In 
closing,  the  oxidizer  valve  closes  first,  with  terminal  travel  of  the  actuator 
closing  the  purge  valve. 


(6)  Housing 


(U)  In  addition  to  the  design  effort  on  the  inline  TPA, 
design  fabrication  and  proof  testing  of  the  housing  were  required  by  the  Work 
Statement.  A  discussion  of  this  effort  is  presented  in  Section  IV, E. 

(7)  Materials  Summary 


(U)  Materials  selected  for  the  inline  TPA  were  chosen 

on  the  basis  of  propellant  compatibility  and  corrosion  resistance,  adequate 
strength,  availability,  ease  of  machining  and  welding,  good  ductility  and 
toughness,  and  for  high-temperature  parts,  the  ability  to  withstand  the 
thermal  environment.  The  following  table  shows  the  selected  materials. 
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(U)  The  objectives  of  the  inline  housing  effort  were  to  design, 

fabricate  and  test  a  housing  to  demonstrate  its  structural  integrity.  The 
design  of  the  housing  was  constrained  by  several  requirements  including: 
direct  adaptation  to  the  ARES  thrust  chamber  interface,  incorporation  of  an 
integrated  annular  primary  combustor,  utilization  of  the  same  primary  and 
secondary  combustor  fuel  control  valves,  transmission  of  the  thrust  through 
the  housing  to  the  same  gimbal  block  as  the  T-engine,  a  less  integrated  housing 
than  the  T  housing  which  would  be  easier  to  fabricate,  minimum  size  and  weight, 
avoidance  of  high  pressure  static  seals  to  atmosphere,  and  low  deflections  of 
a  symmetrical  type. 

2.  Structural  Test  Housing 
a.  Design  and  Analysis 
{ 1 )  Design 


(U)  The  in-line  housing  design  shown  in  (Figure  IV-35-a) 

was  evolved  within  the  constraints  previously  described.  A  transition  section 
is  provided  between  the  turbopump  housing  and  the  thrust  chamber  which  incor¬ 
porates  the  annular  primary  injector,  secondary  injector  and  the  manifolding 
required  for  each.  This  system  increased  the  design  flexibility  of  both  the 
turbopump  and  thrust  chember  assemblies  and  ensured  minimum  TPA/TCA  interface 
problems . 


(U)  An  annular  primary  injector  similar  to  the  primary 

injector  designed  and  tested  for  the  T-engine  configuration  was  incorporated 
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in  the  housing  design.  The  turbine  size  limitations  incurred  by  lower  shaft 
speed  caused  a  slight  increase  in  diameter  of  the  primary  injector  and  combustion 
zone  from  10.5-in.  outside  diameter  and  7. 00-in.  inside  diameter  to  11.0-in. 
and  8.15-in.,  respectively.  This  increases  the  L*  of  the  primary  combustor 
slightly  which  should  not  adversely  affect  the  performance  of  the  primary 
injector.  The  thermal  analysis  of  the  oxidizer  housing  and  turbine  bearing 
and  nozzle  support  revealed  the  desirability  of  a  heat  shield  to  protect  the 
walls  from  the  high  velocity  hot  gases  of  the  primary  combustion  zone.  The 
heat  shield  was  designed  to  reduce  the  gas  velocity  at  the  housing  wall  to  less 
than  5  ft/sec. 

(U)  The  primary  and  secondary  valves  designed  for  the 

T-engine  turbopump  are  incorporated  in  the  short  adapter  section  with  no 
changes  required. 

(U)  All  high  pressure  static  seals  include  a  redundant 

seal  with  the  interseal  cavity  vented  to  inlet  pressure  through  drilled  passages. 

(U)  The  thrust  of  the  engine  is  transmitted  from  the 

thrust  chamber  to  the  thrust  pad  through  an  outer  shell.  This  allows  the  fuel 
housing,  oxidizer  housing  and  inlet  housings  to  be  made  as  separate  symmetrical 
units.  Each  of  these  units  is  aligned  and  welded  in  place.  The  turbopump 
housing  is  then  stabilized  by  the  welding  of  the  two  halves  of  the  outer  shell 
to  the  oxidizer  housing  and  the  fuel  housing.  The  outer  shell  is  pierced  by 
symmetrical  cutouts  which  provide  exit  for  the  inlet  manifolds  and  access  for 
instrumentation.  The  high  moment  of  inertia  of  the  outer  shell  provides  a  high 
resistance  to  radial  misalignment  of  the  fuel  and  oxidizer  roller  bearings. 

The  stiffness  of  the  outer  shell  also  allows  only  small  axial  deflections 
between  bearing  housings. 
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(U)  The  more  conventional  and  symmetrical  *.  sign  of 

the  fuel  housings,  propellant  inlet  manifolds  and  oxidizer  housing  allow  the 
use  of  sir-pie  tooling  and  standardized  methods  for  fabrication.  This  decreases 
tooling  and  manufacturing  costs. 

(U)  "Hie  fuel  and  oxidizer  housings  were  made  of  Inconel 

?l8  forgings.  The  inlet  manifolds  were  made  of  AIS1  3**7  stampings  and  the 
outer  shell  halves  were  made  of  rolled  Inconel  713  sheet  material.  This 
combination  of  materials  provided  the  maximum  strength  where  it  was  required 
as  well  as  high  resistance  vo  corrosion.  In  addition  it  provided  minimus 
weight.  The  housing  as  shown  in  (Figure  IV-35-b)  weighed  173  lb.  The  calculated 
weight  of  the  fuel  end  cap,  closure  insert,  and  bearing  support  was  21  lb  and 
that  of  the  turbine  bearing  and  nozzle  support,  20.6  lb.  The  miscellaneous 
bolts,  nuts  and  lines  were  estimated  to  weigh  39  lb.  The  primary  injector  am 
liner  were  combined  with  the  secondary  injector  as  a  single  unit.  This  would 
result  in  a  weight  saving  over  two  separate  units.  The  primary  injector  and 
liner  portion  was  estimated  at  %  lb. 

(U)  The  structural  test  housing  is  shown  in  (Figure 

IV-35-b) .  The  fuel  end  cap,  closure  insert  and  bearing  support,  turbine 
bearing  and  nozzle  support,  and  the  primary  injector  were  simulated  by  test 
tooling.  The  test  tooling  was  designed  to  produce  equivalent  loads  on  the 
housing  that  would  be  induced  by  the  actual  part.  T  _s  allowed  a  considerable 
Reduction  in  housing  fabrication  costs  through  the  use  of  mild  steel  parts 
with  no  reduction  in  validity  of  testing. 

(U)  The  main  features  of  the  in-line  housing  design 

are  the  symmetry  of  the  inlet  manifolds,  the  symmetry  of  load  cai’rying  members, 
th'  symmetry  of  loading  ar.d  the  placement  of  all  hot  parts  on  one  end.  The 
sym'-et-y  of  loading  .And  load  carrying  members  reduces  bending  resistance 
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IT,  E,  Engine  Housing,  Inline  Configuration  (cont.) 

requirements  to  a  minimum.  This  results  in  a  minimum  weight  structure.  The 
hot  parts  contained  on  one  end  reduce  the  expansion  and  radial  misalignment 
problems. 


(2)  Analysis 

(a)  Stress  Analysis 

(U)  The  inline  housing  was  analyzed  for  three  load 

conditions:  1.21  x  nominal  design  operating  pressures  and  thrust  without 
temperature,  1.21  x  nominal  design  operating  pressures  and  thrust  with  tempera¬ 
ture,  and  the  hydrotest  pressures  and  thrust.  The  1.21  x  nominal  design  opera¬ 
ting  pressure  and  thrust  condition  was  equivalent  to  the  10?  turbine  overspeed 
condition.  The  hydrotest  pressures  and  thrust  were  1.1»  times  the  nominal 
design  operating  pressures  and  thrust,  without  temperature.  Ho  flight  loads 
due  to  yaw,  pitch,  roll  or  gimbaling  were  considered. 

(U)  The  inline  housing  was  analyzed  by  using  the 

finite  element  analysis  method  (Reference  7).  The  symmetrical  features  of  the 
in-line  housing  simplified  the  analytical  task.  The  results  from  the  finite 
element  analysis  in  many  cases  required  no  alteration.  Seme  of  the  results 
required  alteration  by  appropriate  stress  concentration  factors  to  obtain  the 
true  stress  and  deflection  values .  The  thermal  gradient  factors  were  approxi¬ 
mate  and  stress  values  should  be  adjusted  when  new  data  from  hot  testing 
becomes  available.  The  maximum  calculated  stress  occurred  cn  the  inside  of 
the  oxidizer  cylindrical  wall  near  the  oxidizer  dome  of  119,600  psi  at  1.1+  x 
nominal  design  pressure  and  thrust  conditions.  This  was  satisfactory  based  on 
the  allowable  stress  of  140,000  psi.  The  stresses  in  the  pump  inlet  sections 
were  very  low  and  +he  wall  thicknesses  used  were  based  on  structural  stabil ' ty 
rather  than  on  stress  considerations.  The  maximum  outer  shroud  stress  of 
30,600  psi  occurred  at  the  junction  of  the  outer  shroud  and  the  oxidizer 
housing. 
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(b)  Material  Analysis 

(U)  Several  materials  such  as  AM350,  AM355,  Inconel 

718,  haynes  alley  25,  and  AISI  3^7,  were  analyzed  for  the  low-  and  high-pressure 
parts  under  corrosive  and  high-temperature  conditions.  The  best  combination  was 
AISI  3^7  for  the  low-pressure  components  and  Inconel  718  for  the  high-pressure 
components.  AK350  showed  promise  except  that  the  heat  treatment  process  was 
time-consuming  and  expensive. 

(c)  Welding  Analysis 

(U)  The  information  available  on  the  welding  on 

Inconel  718  to  A1S1  3^7  was  very  meager.  A  small  investigation  of  this  potential 
problem  revealed  that  Inconel  718  and  A1S1  3**7  could  be  readily  welded  with 
A1S1  349  weld  rod. 


b.  Fabrication 

(U)  The  fabrication  of  the  in-line  housing  was  relatively 

simple  because  it  consisted  primarily  of  machined  forgings,  plates,  tubes, 
and  stampings  welded  together.  The  various  assemblies  were  stress  relieved 
followirg  each  weld  operation  and  dye  penetrant  and/or  X-ray  inspected.  Because 
of  the  singular  requirement  only  minimum  tooling  vas  used.  This  caused  some 
alignment  problems  because  of  weld  shrinkage  but  these  were  resolved  by 
use  of  the  weld  shrinkage  phenomena.  The  final  housing  assembly.  Figure  IV-36, 
was  heat-treated  and  final  machined  without  difficulties . 

c.  Test 

(C)  The  contractual  requirements  were  to  demonstrate  the 

structural  integrity  of  the  inline  housing.  This  included  vibrational  testing 
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to  define  critical  modes  of  vibration  and  structural  testing  with  internal 
hydrostatic  and  external  thrust  loads  applied.  A  thrust  load  of  1^0 ,000  lb  and 
internal  pressures  to  l.U  times  the  nominal  design  operating  pressure  should  be 
applied  simultaneously. 

(C)  The  testing  of  the  inline  housing  was  completed  in  four 

test  series.  The  first  series  was  the  nominal  design  pressure  without  thrust 
test  and  the  second  series  was  the  50$  of  nominal  thrust  test  without  pressure. 
The  third  series  was  the  l.U  times  nominal  design  operating  pressure  and  thrust 
load  test  and  the  fourth  series  was  the  vibrational  response  test.  The  nominal 
design  pressures  were  5900  psi  in  Zone  1,  Figure  IV-38-a,  U575  psi  in  Zone  2; 

3750  psi  in  Zone  3;  3035  psi  in  Zone  U;  and  200  psig  in  Zone  5.  The  nominal 
thrust  load  was  100,000  lb. 

(U)  A  total  of  U8  strain  gages  were  applied  to  various  surfaces 

of  the  inline  housing.  The  hydrotest  tooling  was  assembled  as  shown  in 
Figure  IV- 37.  The  housing  was  placed  in  the  external  load  test  fixture,  the 
22  deflection  transducers  were  attached  and  all  instrumentation  was  connected 
to  recorders  and  balanced.  The  pressure  lines  were  attached,  checked,  and  the 
unit  was  ready  for  testing. 

(l)  Inline  Housing  Design  Pressure  Test 

(a)  Test  Procedure 

(U)  The  design  pressure  test  required  pressurization 

of  all  pressure  zones.  Figure  IV-38-a,  to  nominal  design  pressure.  The  housing 
was  held  at  nominal  design  pressure  for  approximately  three  minutes.  The 
pressures  were  applied  in  increments  simultaneously  to  each  zone.  The  instru¬ 
mentation  was  continuously  recorded  throughout  the  test. 
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(b)  Test 

(u)  The  first  test  was  discontinued  at  57?  of  the 

nominal  design  pressure  because  of  leakage  through  an  instrumentation  lead 
wire  fitting  which  had  been  sealed  with  a  plastic  compound. 

(U)  The  second  test  was  performed  after  the  leakage 

was  repaired.  The  pressure  levels  for  each  zone  were  held  for  l6o  sec.  A  quick 
review  of  the  data  revealed  that  the  three  deflection  transducers  on  the  oxidizer 
bearing  location  were  inoperative.  The  unit  was  disassembled,  the  system 
repaired  and  reassembled  as  shown  in  Figure  IV-38-b. 

(U)  The  third  test  was  successfully  performed  at 

nominal  design  pressure  in  each  zone  and  held  for  75  sec. 

(c)  Test  Results 

(U)  The  deflection  between  roller  bearing  locations. 

Figure  IV-39-a  in  Test  3  was  -0.0199  in.  The  maximum  stress  in  the  third  test 
was  73,000  psi  at  the  oxidizer  housing  flange.  The  fuel  diffuser  vane  strain 
gage  was  not  functioning  during  Test  3  but  on  Test  2,  the  fuel  diffuser  vane 
stress  was  -96,000  psi.  The  overall  deflection  of  the  housing  from  the  oxidizer 
flange  to  the  thrust  plate  was  0.018  in.  at  nominal  design  pressures.  The  outer 
shroud  deflected  inward  slightly  in  the  center  between  the  hand  holes  in  the 
shroud.  There  was  neither  damage  nor  permanent  yielding  during  the  test  series. 
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(2)  Inline  Housing  Thrust  Test 

(a)  Test  Procedure 

(u)  The  thrust  test  required  that  a  50, 000- lb  load 

be  placed  on  the  housing  in  the  axial  direction  while  the  housing  was  in  an 
unpressurized  condition.  The  housing  was  loaded  by  a  hydraulic  cylinder  in  the 
thrust  loading  fixture. 

(b)  Test 

(U)  A  maximum  thrust  load  of  50,000  lb  was  applied 

to  the  housing  at  the  thrust  pad  and  held  for  200  sec.  All  instrumentation  was 
continuously  recorded  throughout  the  test.  The  housing  “as  fille-d  with  oil  but 
each  zone  was  vented  to  prevent  pressure  buildup  due  to  the  compressive  loading. 

(c)  Test  Results 

(U)  The  thrust  test  showed  that  the  cutside  shroud 

carried  the  thrust  load  as  expected.  The  maximum  stress  was  17,600  ps  i  on  the 
inside  of  the  conical  portion  of  the  outside  shroud.  The  overall  compression 
of  the  housing  was  0.0094  in. 

(3)  Inline  Housing  Proof  Pressure  and  Thrust  Load  Test 
(,a)  Test  Procedure 

(U)  The  inline  housing  proof  pressure  and  thrust 

load  test  required  that  pressure  and  thrust  loads  equivalent  to  1.4  times  nominal 
design  pressure  and  thrust  be  applied  to  the  housing  simultaneously.  During  this 
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test  no  excessive  deflections  or  any  structural  damage  could  occur.  The  thrust 
and  pressure  loads  were  applied  simultaneously  in  increments  by  use  of  a  10,000 
psi  load  marginator  supplied  by  a  4.5  gal/min  10,000  psi  pump. 

(b)  Test 

(U)  The  first  test  was  discontinued  after  25  sec 

at  1.4  times  nominal  design  pressure  and  thrust  due  to  two  separate  seal  leaks 
which  prevented  the  thrust  load  and  Zone  1  pressure  from  reaching  the  full  load 
level.  The  housing  instrumentation  plug  and  the  line  leading  to  the  thrust 
jack  had  leaks.  The  leak  in  the  line  was  repaired  and  a  second  pump  was 
attached  to  Zone  4  only  to  supply  sufficient  oil  capacity  at  the  required 
4500  psi. 

(C)  The  second  test  was  successfully  held  for  52 

sec  at  proof  pressure  and  thrust  load.  The  test  was  discontinued  when  the 
potting  compound  in  the  instrumentation  lead  wire  fitting  in  Zone  4  blew  out. 

The  sudden  release  of  Zone  4  pressure  caused  a  pressure  differential  increase 
across  the  oxidizer  bearing  housing  simulator  from  1850  to  6350  psi  which 
resulted  in  failure  of  the  16  attachment  bolts.  Since  the  failure  which 
resulted  in  test  termination  was  structurally  independent  of  the  test  specimen 
it  was  decided  not  to  retest. 

(c)  Test  Results 

(U)  The  results  of  the  inline  housing  proof  pressure 

and  thrust  load  test  are  shown  in  Figure  IV-39-b.  The  oxidizer  end  displacement 
was  negligible.  The  fuel  end  displacement  was  linearly  negative  to  approximately 
90%  of  nominal  design  loads.  At  this  point  the  fuel  housing  deflection  reversed 
and  a  rapid  expansion  occurred.  The  cause  for  this  appears  to  be  due  to  a 
rolling  tendency  of  the  fuel  housing  under  pressure  and  thrust  load.  The 
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rotation  of  the  fuel  housing  causes  a  column  bending  effect  in  the  shroud  and  a 
reduction  in  the  roll  restraint  on  the  fuel  bousing.  This  allows  the  fuel 
housing  to  move  outward.  Measurements  before  and  after  testing  show  no  permanent 
set  in  any  part  of  the  inline  housing  after  completion  of  testing.  The  deflec¬ 
tion  between  bearing  locations  could  be  minimized  by  placing  ribs  along  the 
outer  shroud  between  the  lightening  holes  and  by  increasing  the  roll  resistance 
of  the  fuel  housing.  The  roll  resistance  would  be  increased  either  by  better 
location  of  the  centroid  of  mass  with  respect  to  the  shell  load  line,  increasing 
the  mass  of  the  fuel  housing  to  increase  the  moment  of  inertia  or  a  combination 
of  these  two  methods. 


(1)  Inline  Housing  Vibration  Test 
( a)  Test  Procedure 

(U)  The  inline  housing  as  shown  in  Figure  IV- 36 

was  mounted  vertically  with  the  elect rodynamic  exciter  attached  to  the  thrust 
chamber  end  and  supported  from  the  thrust  pad  end  by  a  shock  cord.  The 
housing  was  empty  except  for  the  test  tooling.  An  input  acceleration  of  lg  from 
100  cps  was  applied  by  the  electrodynamic  exciter  and  acceleration  outputs  at 
various  points  were  recorded  by  a  hand  held  probe. 

(U)  (b)  The  first  housing  response  was  recorded  at  403 

cps.  This  was  the  response  of  the  two  inlet  housings.  The  primary  fuel  pipe 
responded  at  856  cps  and  the  outer  shroud  at  913  cps .  No  other  responses  were 
found  within  100  cps  of  the  critical  range  as  shown  in  Figure  IV-40.  The  test 
results  show  that  the  inline  housing  has  no  critical  modes  of  vibration  in  the 
operating  range. 
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(U)  Some  updating  and  modifications  (Figure  IV-33)  were  made  to 

the  in-line  housing  after  initial  fabrication  and  prior  to  testing.  The 
housing  shown  in  Figure  IV-33  will  require  some  additional  redesign  and  analysis 
to  incorporate  the  knowledge  gained  from  the  structural  test  program.  The 
areas  which  will  require  examination  are  the  oxidizer  housing  discharge  flange, 
the  oxidizer  housing  dome  radius,  the  outer  shroud,  and  the  fuel  housing  resis¬ 
tance  to  rolling. 


a.  Oxidizer  Housing  Discharge  Flange 

(U)  The  oxidizer  housing  discharge  flange  exhibited  a 

relatively  large  amount  of  roll  during  testing  which  caused  high  bending  stresses 
in  the  outer  cylindrical  portion  of  the  oxidizer  housing.  The  stresses  and 
rotation  can  be  reduced  by  increasing  the  wall  stiffness  and/or  by  reducing  the 
bending  moment  imposed  by  the  bolt  loads  and  internal  pressure.  In  addition 
some  bending  moment  is  being  induced  in  the  outer  cylinder  by  the  small 
radius  of  curvature  of  the  oxidizer  dome.  This  area  requires  additional  analysis 
and  revision  to  optimize  the  dome  radius. 

b.  Outer  Shroud 

(U)  The  outer  shroud  is  a  low  stressed  cylindrical  unit  which 

has  several  cutouts  for  hand  holes  and  inlet  ducts.  The  outer  shroud  provides 
stabilization  between  the  oxidizer  and  fuel  housings  and  transmits  the  thrust 
load  from  the  oxidizer  discharge  flange  to  the  thrust  pad.  As  the  fuel  and 
oxidizer  housings  expand  under  pressure,  the  outer  shroud  ends  are  forced 
outward  inducing  a  bending  moment  in  the  center  portion.  When  an  axial  thrust 
load  is  applied,  the  unit  reacts  similar  to  a  slender  column  which  allows  the 
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fuel  end  to  rotate  outward.  The  outer  shroud  can  he  restrained  by  welding 
longitudinal  strips  along  the  outside  of  the  shroud  between  the  cutouts  to 
stiffen  this  area. 


c.  Fuel  Housing 

(U)  The  fuel  housing  of  the  structural  test  model  was  a  com¬ 

pact  weldment  which  ontained  both  the  first  and  second  fuel  ^ump  volute  sec¬ 
tions.  The  revised  design  in  Figure  IV-33  separates  the  two  volutes.  An 
analysis  should  be  made  of  this  area  to  determine  the  resistance  to  rolling, 
such  as  experienced  in  the  structural  test  model,  if  the  design  is  used. 
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F.  BOOST  PUMP 

1.  Introduction 

(U)  The  pump  suction  requirements  for  the  ARES  engine  of  20  ft 

minimum  net  positive  suction  head  (NPSH)  would  cause  a  severe  weight  penalty 
to  the  engine  if  boost  pumps  were  not  incorporated.  The  difference  in  weight 
between  the  present  turbopump  operating  at  40,000  rpm  and  a  design  operating 
at  less  than  10,000  rpm,  due  to  suction  limitations,  would  be  several  thousand 
pounds.  In  comparison,  the  oxidizer  and  fuel  boost  pump  weight  is  only  70  lb. 

(U)  The  ARES  boost  pumps  have  a  separate  hydraulic  turbine  mounted 

on  the  boost-pump  impeller  (Figure  IV-4l).  The  hydraulic  turbine  requires 
approximately  16#  of  the  main-stage  pump  flow  at  pump  discharge  pressure  to 
drive  the  boost-pump  impeller.  This  fluid-coupled  method  of  driving  the 
boost  pumps  was  selected  over  other  concepts  such  as  gear  reductions  or 
coaxial  drives  because  it  is  much  simpler  and  less  expensive.  Another  signi¬ 
ficant  advantage  of  the  separate  turbine  is  that  it  allows  flexibility  in 
boost  pump  location.  This  flexibility  permits  tank-mounted  units,  eliminating 
boost-pump  suction  line  losses.  It  minimizes  the  dynamic  depression  in 
suction  pressures,  which  contributes  significantly  to  boost  pump  cavitation 
during  the  engine  start  transient.  It  also  reduces  the  engine  gimballed 
weight  and  results  in  lighter  weight  gimbal  actuators  and  support  structure. 

(U)  A  design  similar  to  the  ARES  boost  pumps  has  been  designed  and 

tested  by  Aerojet-General  to  demonstrate  the  feasibility  of  this  concept 
(Reference  8).  This  program  evaluated  the  steady-state  performance.  The 
dynamic  performance  of  this  unit  coupled  to  a  gas-generator-turbine-driven 
pump  was  conducted  by  the  Air  Force  Rocket  Propulsion  Laboratory,  Edwards, 
California  (Reference  9)  and  the  characteristics  of  this  fluid  coupled  system 
were  found  to  be  very  stable  under  various  rapid  start  sequences. 
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(U)  The  Air  Force  gas-generator-turbine-driven  pump  tests  noted 

above  and  the  ARES  tank  head  start  engine  have  start  transient  accelerations 
times  of  approximately  one  second.  Consequently  these  tests,  plus  Aerojet's 
dynamic  computer  model  of  the  APES  engine ,  demonstrate  that  the  selected 
fluid-coupled  boost-pump  concept  can  meet  the  NPSH  requirements  of  the  main- 

f 

stage  pump  during  the  rapid  acceleration  phase  of  the  engine  start  transient. 
2.  Design  Requirements 

(U)  The  ARES  work  statement  specification  for  pump  suction 

performance  requires  that  the  boost  pumps  operate  at  20  ft  minimum  NPSH.  Both 
the  "T"  and  "Inline"  turbopumps  have  been  designed  to  meet  this  specification. 
The  boost  pumps  were  designed  to  meet  the  T-engine  pump  head  requirements, 
since  they  are  approximately  1*30  ft,  whereas  the  "Inline"  engine  only  requires 
350  ft.  The  boost  pumps  will  also  meet  the  "Inline-design"  requirement,  but 
must  operate  slightly  off-design  and  at  lower  speeds  (Figure  IV-4l).  The 
current  operating  points  for  the  "T"  and  "Inline"  boost  pumps  are  given  in 
Appendix  I,  Sections  2  and  9,  respectively. 

(U)  To  minimize  low  frequency  pressure  oscillations  generated  by 

inducers  under  severe  cavitaJ ing  conditions,  conservative  operating  suction 
specific  speeds  of  approximately  25,000  to  30,000  were  selected.  The  inlet 
diameters,  which  are  primarily  a  function  of  NPSH  and  independent  of  speed, 
were  sized  for  approximately  10  ft  of  NPSH,  resulting  in  maximum  suction 
specific  speeds  of  1*5,000  for  both  fuel  and  oxidizer  at  8000  rpm.  The  suction 
specific  speeds  at  20  ft  of  NPSH  are  30,000  and  24,1*00  for  the  oxidizer  and 
iuel,  respectively.  Under  these  operating  conditions  the  predicted  head  loss 
due  to  cavitation  is  less  than  1 %. 
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(rj)  Utilising  component  design  information  obtained  fro*  the 

qfdraulic-tuAine-driven  low-speed  inducer  tests  (Reference  8),  the  final 
boost— pump  *nd  by  dtraulic-turbine— design  requirements  were  established;  the 
design  specification  is  given  in  Appendix  I,  Section  U. 

3.  Configuration 

(U)  The  boost-punp  specific  speeds  are  in  the  range,  2500  to 

3000,  which  indicates  the  design  can  be  either  a  mixed- flow  impeller  design 
(discharges  between  radial  and  axial  direction)  or  axial  flow. 

(U)  Preliminary  studies  showed  the  axial  flow  design  was  smaller, 

but  inherently  had  a  high  axial  thrust  and  would  require  a  thrust  compensating 
device.  However,  the  mixed  flow  design  does  not  have  this  high-axial-thrust 
problem  since  the  larger  impeller  discharge  diameter  permits  the  use  of 
back vanes  for  pressure  balancing.  Consequently,  the  mixed-flow  configuration, 
which  weighs  35  lb,  was  selected  due  to  simplicity  in  the  design.  If  the 
a.1  iiniE nimi  components  (impeller  and  discharge  housing)  were  replaced  with  steel 
parts  in  the  oxidizer  boost  pump  to  eliminate  the  potential  "salting" 

problem,  the  weight  would  increase  by  approximately  15  lb. 

(U)  Preliminary  studies  also  revealed  that  the  size  and 

hydraulic  design  requirements  of  the  fuel  and  oxidizer  boost  pumps  were  very 
similar.  Therefore,  the  decision  was  made  to  use  as  many  interchangeable 
parts  as  possible.  This  approach  significantly  reduces  engineering,  fabrica¬ 
tion,  and  hardware  replacement  costs  with  only  a  slight  penalty  to  engine  weight 
of  approximately  7  lb.  As  a  result  of  this  approach,  the  power  transmission, 
boost-pump  discharge  housing,  hydraulic  turbine  rotor,  and  hydraulic-turbine- 
nozzle  design  were  made  interchangeable  between  the  two  units. 
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4.  Design  Analysis 

(U)  This  section  discusses  the  detailed  design  of  the  pumps, 

turbine,  propellant  lubricated  bearings,  axial  thrust  balance,  and  shaft 
critical  speed. 

a.  Pumps 

(l)  Hydraulic  Design 

(C)  The  oxidizer  boost  pump  (Figure  IV-42 ) ,  has  a 

design  capacity  of  12U3  gpm  and  design  head  rise  of  444  ft  at  the  8000  rpm 
operating  speed.  The  corresponding  specific  speed  of  2950  is  in  the  range  of 
conventional  mixed- flow  impeller  designs. 

(U)  The  impeller  inlet  diameter  was  established  by 

the  inducer  design  criteria  of  having  the  inlet  velocity  head  equal  to  one 
third  the  NPSH.  The  required  inlet  diameter  is  5.66  in.  The  design  inlet 
tip  flow  coefficient  is  0.084 ,  and  the  corresponding  tip  blade  angle  is 
8.4°.  This  blade  setting  is  obtained  from  inducer  test  results  which  show 
the  optimum  fluid  incidence  to  vane  angle  ratio  is  approximately  0.425. 

(U)  The  impeller  discharge  diameter  and  flow  coeffi¬ 

cient  were  selected  on  the  basis  of  test  data  obtained  from  the  hydraulic- 
turbine-driven  low-speed  inducer  program  (Ref  1),  and  also  the  criteria  of 
matching  a  single  diffuser  design  to  both  boost-pump  impeller-discharge  flow 
conditions . 
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(C)  The  fuel  boost  pun?)  (Figure  TV— U3 ) ,  has  a 

design  capacity  of  824  gpm  and  a  design  head  rise  of  409  ft  at  the  8000  rpm 
operating  speed.  The  specific  speed  of  2500  is  also  within  the  range  of 
mixed- flow  impeller  designs. 

(U)  The  inlet  diameter  was  made  the  same  as  the 

oxidizer  pun?)  for  interchangeability  of  housings;  however,  inlet  tip  flow 
coefficient  is  0.071  and  the  corresponding  blade  angle  for  a  fluid-incidence- 
to-vane-angle  ratio  of  0.425  is  7.10°. 

(U)  The  oxidizer  fluid  angle  at  the  stator  inlet, 

including  the  hydraulic  turbine  discharge  flow,  is  26°  while  the  fuel  fluid 
angle  is  20°.  The  discharge  housing  diffuser  design  consists  of  eight  vanes 
with  a  mean  inlet  angle  of  27°.  This  blade  angle  setting  appears  optimum  for 
matching  both  flows  based  on  our  experience  with  similar  types  of  designs  such 
as  the  M-l  fuel  pump  inducer.  The  diffuser  discharges  the  flow  in  an  axial 
direction  and  has  acceptable  outlet-to-inlet  absolute  velocity  ratios  of 
0.71  and  0.54  for  the  oxidizer  and  fuel,  respectively. 

(C)  A  summary  of  the  significant  design  parameters 

for  both  boost  pumps  is  listed  below: 

BOOST-PUMP  DESIGN  PARAMETERS 

FUEL  OXIDIZER 


Speed,  rpm 

8000 

8000 

Flow,  gpm 

824 

1243 

Head  rise,  ft 

1+09 

hhh 

Impeller  inlet  diameter,  in. 

5.66 

5.66 

Impeller  inlet  vane  angle  (TIP),  degree 

7.10 

8.50 

Impeller  inlet  hub/tip  ratio 

0.5 

0.22 
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FUEL 

OXIDIZER 

No.  of  impeller  inlet  vanes 

3 

3 

No.  of  impeller  outlet  vanes 

6 

6 

Impeller-discharge  flow  coefficient 

O.lL 

0.18 

Impeller-discharge  diameter  (mean),  in. 

6.0 

6.0 

Impeller  discharge  port  width,  in. 

0.596 

0.7l*0 

Impeller  discharge  angle  (mean),  degree 

20.0 

26.0 

No.  of  diffuser  vanes 

8 

Diffuser  inlet  diameter  (mean),  in. 

7.2h 

Diffuser  inlet  port  width 

0.600 

Diffuser  inlet  angle  (mean),  degree 

27.0 

Diffuser  outlet  diameter  (mean),  in. 

2.58 

Diffuser  outlet  angle,  degree 

90 

(2)  Mechanical  Design 

(U)  The  highest  stressed  area  of  high  suction  specific 

speed  impellers  is  generally  located  at  the  root  of  the  impeller  vane  near 
the  inlet.  The  combined  stresses  (centrifugal  plus  hydraulic,  loads)  at  this 
location  are  25,200  and  15,600  psi  for  the  oxidizer  and  fuel  impellers, 
respectively,  at  the  110$  overspeed  condition.  The  allowable  stress  for  the 
impeller  material,  forged  AL-7075,  is  38,000  psi,  which  allows  an  adequate 
margin  of  safety. 

(U)  The  boost-pump  discharge-housing  pressure  of 

300  psi  or  less  results  in  very  low  stator  vane  housing  stresses.  The 
housing  will  be  cast  from  AL-356,  and  the  minimum  wall  thicknesses  require¬ 
ments  preclude  high  stresses. 
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IV,  F,  Boost  Pump  (cont.) 

(3)  Performance 

(U)  The  predicted  inducer  performance  is  shown  in 

Figure  IV-Ul  and  referenced  in  Appendix  I,  Section  4.  The  characteristic 
shape  of  the  head  versus  flow  was  obtained  from  test  data  of  a  similar  type 
pump  (Reference  8).  The  estimated  efficiency  at  design  flow  for  the  ARES  boost 
pumps  was  assumed  to  be  the  same  as  that  obtained  from  the  pump  noted  above. 

(U)  The  inducer  suction  specific  speed  performance, 

percent  head  loss  versus  suction  specific  speed  referenced  in  Appendix  I,  was 
cased  on  test  data  from  the  43,000  suction  specific  speed  M-l  fuel  inducer. 

(it)  Component  Tests 

(U)  Performance  evaluation  of  the  boost  pump  impeller 

in  Phase  II  will  consist  of  two  test  series  in  AGC  pump  facilities.  The 
first  series  will  be  cavitating  and  noncavitating  tests  where  the  impellers 
will  be  driven  at  rated  speed  with  an  electric  motor.  These  tests  will 
establish  the  noncavitating  head  and  efficiency  versus  flow  from  0  to  120#  of 
design  flow  and  the  cavitating  performance  up  to  suction  specific  speeds  of 
45,000.  The  second  test  series  will  consist  of  bootstrap  tests  where  the 
main  stage  pumps  are  driven  by  the  electric  motor,  and  boost  pumps  will  be 
driven  with  the  pump- fed  hydraulic  turbine.  This  test  series  will  simulate 
engine  operations  and  will  provide  interaction  effects  arid  overall  performance 
characteristics  of  the  pumping  systems . 
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b.  Turbine 

(l)  Hydraulic  Design 

(U)  The  hydraulic  designs  of  the  fuel  and  oxidizer 

drive  turbines  are  based  on  the  nominal  operating  conditions,  specified  in 
Appendix  I,  Section  4.  Studies  of  the  oxidizer  and  fuel  drive  turbines  showed 
that  both  designs  could  be  identical  without  effecting  the  turbine  efficiency 
substantially.  The  requirements  result  in  a  low  specific  speed  and,  conse¬ 
quently,  low  partial  adnn-.sion.  The  estimated  turbine  efficiencies  are 
difficult  to  predict  accurately  because  reliable  information  on  low  partial 
admission  turbines  is  scarce.  Therefore,  the  turbine  rotor  blades  were 
shrouded  to  improve  the  efficiency  and  also  lower  blade  stresses. 

(U)  The  rotor  and  stator  blades  have  constant-sections 

(no  twist)  with  constant  hub  and  tip  annulus  radii.  The  selected  blade 
heights  of  0.3  in.  result  in  nozzle  admissions  of  I+.96  and  3.6$  for  the 
oxidizer  and  fuel  turbine,  respectively.  A  summary  of  the  significant  design 
parameters  is  as  follows : 


DESIGN  PARAMETERS 


OXIDIZER 

FUEL 

shp  -  shaft  horsepower 

306 

118 

N  -  Speed,  rpm 

8000 

8000 

AP  -  pressure  drop,  psi 

521+8 

3251 

H  -  head,  -  ft 

81+1+0 

8330 

Q  -  flow,  ft^/sec 

0. 1+1+7 

0.320 

3/1+  -1/2  -1 

N  -  specific  speed,  ft  '  sec  min 

6,09 

5.20 

s  1/1+  1/2 

Dg  -  specific  diameter,  ft  sec 

9.00 

10.60 

Um  -  mean  blade  speed,  ft /sec 

253 

253 
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OXIDIZER 

FUEL 

Cq  -  fluid  jet  velocity,  ft/sec 

738 

732 

Um/CQ  -  velocity  ratio 

0.343 

0.346 

n  -  efficiency 

0.50 

0.43 

(U)  The  efficiencies  are  near  optimum  for  the  given 

conditions.  The  optimum  efficiency  moves  to  lower  velocity  ratios,  U  /C  , 
with  reducing  admission.  The  predicted  design  efficiencies  of  0.50  and  0.1+3 
for  the  oxidizer  and  fuel  turbine  respectively,  may  be  optimistic;  however, 
the  hydraulic  turbine  efficiency  does  not  affect  the  overall  engine  performance 
critically. 


(2)  Mechanical  Design 

(U)  The  maximum  mechanical  load  occurs  with  the 

oxidizer  turbine  at  8800  rpm  and  427  hp.  At  this  condition,  the  maximum 
rotor  fluctuating  stress  (centrifugal  stresses  are  negligible)  is  15,400  psi. 
The  endurance  limit  of  the  rotor  material,  AM  355,  is  80,000  psi,  and  thus 
the  safety  factor  is  5.2.  This  high  safety  factor  is  a  result  of  the  following 
reasoning.  No  satisfactory  method  is  known  to  account  for  the  adverse  effect 
of  partial  admission  rotor  blade  stresses.  As  the  efficiency  and  weight 
penalties  are  not  significant ,  the  conservative  approach  was  taken  to  ensure 
a  high  reliability  against  blade  failures. 

(U)  The  maximum  nozzle  stresses  assuming  simply 

supported  ends  are  43,700  psi.  These  stresses  are  also  conservative  for  the 
selected  material  AM  355,  which  has  a  yield  strength  of  l8l,000  psi. 
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(3)  Component  Test  Plan 

(U)  During  Phase  II,  component  tests  will  be  conducted 

in  AGC  pump-test  facilities  to  verify  predicted  turbine-design  and  off-design 
performance.  The  turbine  will  be  mounted  on  a  dummy  inducer  (no  vanes) 
coupled  to  an  electric  dynamometer.  High  pressure  water  from  a  pump  located 
in  the  adjacent  test  bay  will  be  used  as  the  turbine  drive  fluid  and  tests 
will  be  conducted  with  partial  admission  nozzles  of  3.60,  4.96,  and  6.50 %  to 
verify  the  relationship  of  turbine  efficiency  versus  percent  admission  over  a 
wide  range  of  speeds  and  flows.  Test  fixtures  have  been  designed  for  this 
work. 


c.  Power  Transmission 

(l)  Design  Requirements 

(U)  The  boost  pump  power  transmission  requirements  were 

established  by  the  oxidizer  design  since  this  pump  has  the  higher  axial  and 
radial  loads.  These  requirements  are:  (l)  the  first  latere"1  resonant 
frequency  (critical  speed)  must  be  20%  above  the  design  speed  of  8000  rpm  and 
(2)  the  propellant -lubricated  bearings  must  have  the  capacity  to  carry  1200-lb 
axial  load  and  800-lb  radial  load  with  a  minimum  life  of  10  hr. 

(U)  The  bearing  radial  loads  are  caused  by  the  partial 

admission  turbine  and  not  by  the  pump,  which  has  a  symmetrical  discharge 
housing.  The  maximum  force  generated  by  the  single-entry  turbine  results  in 
an  800-lb  radial  load  on  the  bearing  nearest  the  impeller  and  270  lb  on  the 
bearing  nearest  the  boost  pump  discharge  (Figure  IV-t2 ) .  In  order  to  ensure 
the  thrust-bearing  axial  load  is  always  greater  than  the  radial  load,  a 
roller  bearing  was  selected  for  the  high-radial-load  side  and  a  ball  bearing 
was  chosen  to  carry  the  smaller  radial  load  and  the  1200-lb  axial-thrust  load. 
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(2)  Critical  Speed 

(U)  The  critical  speed  analysis  performed  with  an 

aiiiminmn  impeller  and  steel  turbine  rotor  indicates  the  first  liberal 
resonant  frequency  is  over  five  tines  (41*, 000  rpm)  the  nominal  operating 
speed,  with  expected  hearing  stiffnesses  of  2.5  x  10^  lb/in.  The  critical 
speed  of  the  rotating  shaft  assembly  with  a  steel  inpeller  and  steel  turbine 
rotor  is  34,000  rpm.  Both  figures  exceed  th_  design  requirement  considerably. 
Substituting  a  steel  oxidizer  impeller  for  the  aluminum  impeller  would 
increase  the  boost  pump  weight  by  six  lb. 

(3)  Axial  Thrust 

(U)  The  axial  thrust  of  mixed-flow  impeller  designs  is 

considerably  lower  than  that  for  axial  flow  impellers ,  and  this  was  a  major 
factor  in  selecting  the  mixed  flow  design.  The  calculated  axial  thrust  for 
the  selected  design  is  600  lb  acting  towards  the  pump  suction  (Figure  IV-44) 
while  a  corresponding  thrust  of  4100  lb  would  result  from  an  axial-flow  design 
without  the  use  of  a  balance  piston. 

(U)  The  key  parameter  which  controls  the  impeller 

axial  thrust  in  the  mixed-flow  design  is  the  impeller-back-bane  pressure 
distribution.  The  pressure  is  a  function  of  the  back-vane  height,  clearance, 
and  diameter  ratio.  Empirical  data  from  Aerojet-General  Corporation  pump  tests 
and  test  results  from  other  investigators  was  used  to  establish  the  boost  pump 
value  of  K  =  0.82,  where  "K"  is  the  ratio  of  the  fluid  tangential  velocity  to 
the  back- vane  tangential  velocity.  Since  the  axial  thrust  can  be  modified  by 
changes  in  the  back-vane  geometry,  boost-pump  water  tests  in  Phase  II  will  be 
used  to  make  final  adjustment  in  the  back-vane  geometry  and  corresponding 
axial  thrust. 
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(fe)  Bearing  Design 

(®)  The  boost— ptap  shaft  is  supported  radially  by  a 

205  (25  mi  bore)  size  roller  bearing  located  at  the  impeller  end  and  a  30l» 

(20  ■  bore)  size  ball  bearing  at  the  pmqp  discharge  end.  Axial  load  support 
is  provided  by  the  30l»  ball  bearing.  These  larger  bearings  (205  and  30U 
versus  105  and  lOfc)  were  selected  for  longer  life  expectancies.  At  this 
relatively  loir  speed  (8000  rpm)  the  rolling  element  centrifugal  forces  are 
insignificant  (2  lb  per  element)  and  the  larger  bearings  are  practical.  The 
®10  Hfe  at  the  boost  pump  loads  were  calculated  to  be  190  hr  for  the  205 
roller  bearing  and  86  hr  for  the  30U  ball  bearing. 

A1S1  UUOC  stainless  steel  was  selected  for  the 
races  and  rolling  elements  of  both  bearings.  The  cages  are  of  the  configura¬ 
tions  used  in  the  successful  k0,000  rpm  bearing  testing.  Both  ball-  and 
roller-bearing  cages  are  25?  glass-filled  Teflon  with  stainless  steel  contain¬ 
ment  shrouds.  The  ball-bearing  cage  is  inner  race  riding  while  the  roller¬ 
bearing  cage  is  outer  race  riding, 

(u)  The  roller  bearing  has  11  rollers  of  7. 5  mm  dia 

x  9  mm  long  (L/D  *  1.2).  The  ball  bearing  has  eight  balls  01  11/32  in.  dia 
and  has  a  25°  contact  angle.  The  balJ  bearing  outer  and  inner  race  curvatures 
are  52  and  53?,  respectively. 

(u)  A  10-micron  filter  is  located  at  the  discharge  end 

of  the  boost-pump  diffuser  center  body  (figure  IV-1+2  and  -1+3),  where  5  to 
10  gpm  of  propellant  is  recirculated  to  the  impeller  discharge  by  the  impeller 
back  vanes  for  bearing  lubrication.  The  flow  rate  is  controlled  by  the  filter 
element  pressure  drop. 
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G.  PROPELLANT-LUBRICATED  BEARINGS 


1.  Objectives  and  Approach 


(U) 


The  objectives  of  the  propellant  lubricated  bearing  program 


were  to  demonstrate  N-0,  and  AeroZINE  50  lubricated  rolling  contact  bearings 

^  6  6 

at  DN  values  of  1.25  x  10  and  1.6  x  10  .  Program  requirements  as  specified 
by  the  contract  work  statement  were  as  follows : 


(U)  a.  Conduct  initial  testing  at  25,000  rpm  using  210  size 

(50  mm  bore)  bearings  to  evaluate  improved  cage  designs  for  operation  in 
NgOj^.  The  criteria  for  success  was  a  test  series  with  a  total  of  12-mir 
cumulative  duration  at  a  rotative  speed  of  25,000  rpm  with  2500-lb  axial 
load  on  a  single  ball  bearing,  and  1000-lb  radial  load  on  each  of  two  roller 
bearings . 

(U)  b.  Conduct  testing  at  31,250  i-pm  using  108  size  (^0  mm 

bore)  N^O^  and  AeroZINE  50  lubricated  bearings  to  provide  demonstration  data 
of  ball  and  roller  bearings  for  the  inline  (backup)  turbopump  design.  The 
criteria  of  success  was  a  single  test  of  6-min  duration  at  a  rotative  speed 
of  31,250  rpm  with  minimum  steady  state  loads  of  2200-lb  axial  on  a  duplex 
load  sharing  ball  bearing  set  and  500-lb  radial  on  the  single  roller  bearing. 
Peak  loads  of  WOO-lb  axial  and  1000-lb  radial  were  to  be  applied  for  at 
least  8  sec  during  the  in  duration. 

(U)  c.  Conduct  testing  at  i*0,000  rpm  using  108  size  ( UO  mm 

bore)  N^O^  and  AeroZINE  50  lubricated  bearings  to  provide  demonstration  data 
of  ball  and  roller  bearings  for  the  T-engine  (advanced)  turbopump  design. 

The  criteria  for  success  was  a  minimum  of  two  tests  on  a  given  set  of  bearings 
with  a  total  of  12-min  cumulative  duration  at  a  rotative  speed  of  1*0,000  rpm 
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with  minimum  steady  state  loads  of  1500-lb  axial  on  a  duplex  load  sharing 
ball  bearing  set  and  500- lb  radial  on  the  single  roller  bearing.  Peak  loads 
of  2500-lb  axial  and  1000-lb  radial  were  to  be  applied  for  at  least  8  sec 
during  the  12-inin  duration.  During  this  test  series,  bearing  minimum  operat¬ 
ing  clearances  and  misaligned  operation  of  the  roller  bearing  were  to  be 
investigated. 

(U)  The  bearings  had  to  be  in  reusable  condition  after  the 

achievement  of  the  cumulative  durations  to  be  considered  satisfactory  tests. 
The  test  hardware  was  made  available  for  the  Air  ^orce  Project  Officer  or 
his  designee  at  the  completion  of  each  achievement  test  series. 

(U)  The  feasibility  of  flooded  rolling  contact  bearing  operation 

in  N2°U  and  AeroZINE  50  was  proven  under  the  pre-ARES  ICP  program  contract 
AF  OU(6ll)-85l*8  (Reference  10).  During  that  testing,  several  210  series 
roller  bearing  cages  fabricated  of  Armalon  material  operated  satisfactorily 
in  N  0^  at  20,000  rpm  but  failed  at  25,000  rpm.  Successful  operation  was 
obtained  with  both  Rulon-A  and  carbon  graphite  roller  bearing  cages  at 
25,000  rpm  in  AeroZINE  50.  Rulon-A  was  also  successfully  demonstrated  at 
20,000  rpm  in  .  The  maroon  color  of  the  Rulon-A  bleached  out  during  the 
exposure,  but  no  structural  problem  was  noted.  During  the  ICP  program 
various  methods  of  propellant  lubrication  were  studied.  The  simplest  system, 
flooded  lubrication  with  series  flow,  was  selected  and  successfully  demon¬ 
strated.  The  same  approach  was  used  during  the  ARES  program. 

(U)  The  ARES  bearing  program  consisted  ov  three  phases.  The 

first  phase,  25,000  rpm  testing  of  210  series  (50  mm  bore)  ball  and  roller 
bearings  in  N^O^,  was  directed  at  solving  the  residual  cage  problems  mentioned 
above.  The  second  phase,  1+0,000  rpm  testing  of  108  series  (40  mm  bore)  ball 
and  roller  bearings  in  both  NgO^  and  AeroZINE  50,  was  directed  at  evaluating 
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designs  for  the  T-engine  turbopump.  The  third  phase,  31,250  rpm  testing  of 
108  series  (Uo  mm  bore)  ball  and  roller  bearings  in  both  and  AeroZINE  50, 

was  directed  at  evaluating  bearing  designs  for  the  inline  turbopump  and 
included  higher  loads  on  the  ball  bearings. 

(U)  All  phases  of  testing  were  completed  with  excellent  results. 

All  of  the  requirements  of  the  work  statement  were  met,  and  all  of  the  bearing 
components  used  in  the  work  statement  certification  tests  were  in  reusable 
condition. 

2.  Design  and  Testing  of  25,000  rpm  Bearings  in 

(U)  This  task  was  to  design  and  evaluate  new  bearing  cage  designs 

utilizing  residual  210  size  ball  and  roller  bearings  from  the  pre-ARES  I0P 
bearing  program.  Successful  designs  were  to  then  be  incorporated  in  the 
U0,000-rpm  and  31,250-rpm  test  bearings.  3ased  upon  the  I  CP  test  results,  25% 
glass-filled  Teflon  was  selected  as  the  cage  material.  Design  was  mainly 
directed  at  alternative  Teflon  containment  configurations  (shrouds)  and  the 
method  of  guiding  the  cage  (outer  race  versus  inner  race  guiding).  Primary 
concern  was  cage  web  thickness.  Minimum  web  thickness  at  the  rolling  element 
pitch  line  was  held  to  0.150  in. 

(U)  Successful  ball  and  roller  bearing  cage  designs  are  shown  in 

Figure  IV— U5 .  The  Teflon  was  contained  by  a  single-piece  machined  aluminum 
shroud  consisting  of  two  side  plates  connected  on  the  0D  by  axial  rails 
located  over  each  Teflon  web.  The  cage  was  designed  to  ride  the  outer  race  on 
Teflon  pads  located  on  the  outer  diameter  and  on  each  side  of  each  pocket. 

(u)  Testing  was  completed  with  excellent  results.  All  of  the 

requirements  of  the  work  statement  were  met  in  the  first  three  tests ;  all  of 
the  bearing  components  were  in  perfect  condition  after  testing.  The  total 
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time  accrued  on  the  bearing  cages  during  this  test  series  was  1 6  min  of 
which  lU  min  and  35  sec  were  at  25,000  rpm  or  better.  These  tests  are  sum¬ 
marized  in  Figure  IV-U6  and  consisted  of  seven  starts  with  durations  varying 
from  15  to  353  sec.  Maximum  speed  was  26,500  rpm  (DN  =  1.33  x  10  );  maximum 
radial  load  was  2985  lb  on  a  single  ball  bearing  and  maximum  radial  load  was 
2329  lb  shared  by  two  roller  bearings  (the  test  configuration  consisted  of  a 
single  ball  bearing  straddled  by  two  roller  bearings).  The  bearings  were 
loaded  by  hydraulic  load  cylinders  and  were  lubricated  in  series  by  the  flow 
of  N20v 


(U)  Additional  tests,  not  required  by  the  work  statement,  were 

conducted  for  turbopump  design.  Successful  bearing  operation  at  flows  of 
15  gpm,  more  than  three  that  required  for  cooling,  was  achieved  during  Test  ?. 
The  bearings  were  again  in  excellent  condition. 

(U)  A  failure  of  the  ball  bearing  occurred  during  Test  4.  The 

test  was  terminated  after  approximately  5-1/2  min  because  of  rising  Lest  bear¬ 
ing  temperatures.  Disassembly  of  the  test  hardware  revealed  that  the  ball 
bearing  had  failed.  The  race  shoulders  were  rolled  over,  and  the  loaded  side 
of  the  inner  race  was  brinnelled  and  showed  evidence  of  severe  misalignment. 
The  failure  was  not  a  result  of  the  bearing  design  but  the  result  of  an 
improper  assembly.  The  normal  assembly  procedure  was  to  shim  the  outer  race 
bearing  stack  0.001  to  0.002  in.  loose.  This  allows  the  ball  bearing  outer 
race  freedom  to  center  radially  in  a  housing  outer  race  relief  when  subjected 
to  centrifugal  and  axial  foues.  This  design  and  assembly  procedure  isolates 
the  ball  bearing  from  externally  applied  radial  loads.  An  error  in  the 
buildup  prior  to  this  test  resulted  in  outer  race  lockup  which  in  turn  sub¬ 
jected  the  ball  bearing  to  combined  high  radial  and  axial  loads  under  a  mis¬ 
aligned  position.  Both  roller  bearings  and  all  cages  were  in  good  condition 
and  were  considered  reusable.  The  temperature  rise  of  both  the  propellant  and 
ball  bearing  outer  race  was  about  50°F  for  steady-state  conditions.  At  the 
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indication  of  trouble  the  temperature  deviation  from  these  steady-state  values 
was  instantaneous  and  the  temperature  rises  were  about  70°F  for  the  propellant 
and  about  100°F  for  the  bearing. 

(U)  During  this  test  series  the  bearings  were  disassembled  and 

cleaned  after  each  test.  Pitting  occurs  in  440c  material  if  it  is  exposed  to 
atmospheric  conditions  without  proper  cleaning.  Between  Tests  5a  and  5b,  to 
prevent  atmospheric  exposure,  the  bearings  were  left  immersed  in  for 

24  hr.  After  Test  5d  the  bearings  were  removed,  cleaned,  and  found  to  be  like 
new. 


3.  Desciiption  of  40,000-  and  31,250-rpm  Tester 

(U)  A  new  tester  for  testing  ar‘^  AeroZJNE  50  lubricated 

bearings  at  speeds  up  to  40,000  rpm  was  designed  as  shown  in  Figure  TV-47. 

The  tester  consisted  of  a  turbine  drive,  power  transmission,  and  a  test  head. 
The  power  transmission  impart ed  the  required  torque  through  a  shaft,  which 
was  radially  supported  in  the  drive  housing  by  two  roller  bearings;  one  of 
these  bearings  was  the  test  roller  bearing  and  was  lubricated  by  the  test 
propellant.  Axial  positioning  was  provided  by  a  hydrostatic,  thrust  bearing. 

A  separate  positive  displacement  pump  supplied  20  gpm  of  4000  psig  oil  to  the 
hydrostatic  bearing  pockets.  Before  scavenging,  the  oil  discharge  from  this 
bearing  lubricated  the  two  centrally  located  radial  loading  roller  bearings 
and  the  shaft  support  roller  bearing  at  the  turbine  end. 

(U)  Power  was  supplied  to  the  shaft  by  a  single  stage  partial 

admission  impulse  drive  turbine  attached  directly  to  the  shaft  as  shown. 
Ambient-temperature  nitrogen  gas  flowing  through  two  sonic  nozzles  provided 
energy  to  the  turbine  rotor.  The  test  propellant  and  the  oil  lubricating  the 
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power  transmission  were  kept  separate  by  a  combined  purge  and  drain  labyrinth 
shaft  seal  system. 

(u)  The  test  bearings  were  mounted  on  the  shaft  end  and  encased 

in  a  cover  housing  (refer  to  Figure  IV-^TK  The  test  ball-bearing  tandem- 
load-sharing  set  was  mounted  in  a  cantilevered  flexible  housing,  designed  for 
the  turbopumps.  This  housing  was  stiff  in  the  axial  direction  but  flexible 
in  the  radial  direction. 

(U)  Axial  load  was  applied  to  the  ball-bearing  set  by  means  of  a 

loading  piston  provided  in  the  test  bearing  cover  housing.  Radial  load  was 
applied  by  a  loading  piston,  which  pulls  upward  on  the  shaft  center  by  means 
of  two  "slave"  bearings  mounted  in  a  loading  ring. 

h .  Design  of  Ball  Bearings  for  ^0,000  rpm  Propellant- 
Lubricated  (N2OV  ana  AeroZINE  50)  Operation 


(U)  Both  the  T-engi:ie  and  inline  engine  turbopumps  incorporate 

108  size  ball  bearings  lubricated  with  AeroZINE  50.  The  bearing  arrangement 
required  for  the  turbopumps  is  discussed  in  Sections  IV-B  and  IV-D.  Ball 
bearing  operation  in  was  not  required  for  the  final  turbopump  designs 

but  was  a  requirement  of  the  program  work  statement.  The  high  loads  required 
by  the  work  statement  made  it  necessary  to  match-grind  two  ball  bearing  races 
for  load  sharing. 

(U)  This  design  incorporated  two  split  inner  race  bearings  with 

full  curvature  outer  raceways.  Bearing  internal  geometry  was  optimized  for 
the  requirements  using  the  existing  computer  program. 
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(U)  This  geometry  is  summarized  as  follows: 

Ball  complement  lL 

Ball  diameter  11/32  in. 

Contact  angle  ( free )  25° 

Outer  race  curvature  52% 

Inner  race  curvature  53% 

Axial  play*  (unmounted)  0.009  to  0.012  in. 

Class  ABEC-7 

(U)  Both  races  were  41+OC  and  the  balls  were  K-5-H  (tungsten- 

titanium  carbide  manufactured  by  Kenametal,  Latrobe,  Pa.)  for  AeroZINE  50 
operation.  This  combination  resulted  in  superior  performance  in  AeroZINE  50 
during  the  ICP  bearing  testing  (Reference  10).  The  balls  were  4L0C  for  NgO^ 
operation. 

(U)  A  comparison  of  the  ball  to  race  mean  stress  levels  for  bear¬ 

ings  with  K-5-H  balls  and  i+U0C  races  for  the  25,000,  31,250,  and  H0,000  rpm 
requirements  are  summarized  below. 


*For  the  DB  arrangement,  required  for  the  T-engine  and  inline  engine  turbo¬ 
pumps,  the  races  are  ground  no  all  axial  play  of  the  bearing  assembly  is 
removed. 
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Bearing  Size 

Speed,  rpm 

210 

25,000 

108 

31,250 

108 

1*0,000 

Steady  State 

Axial 

load,  lb 

2500 

1320* 

900* 

Inner 

race  stress,  psi 

292 ,000 

273,000 

21+3,000 

Outer 

race  stress,  psi 

266,000 

21*7,000 

220,000 

Peak  Load 

Axial 

load 

Same  as  steady 
state 

261*0* 

1500* 

Inner 

race  stress ,  psi 

Same  as  steady 
state 

336,000 

288,000 

Outer 

race  stress,  psi 

Same  as  steady 
state 

3oH ,000 

250,000 

(U)  It  should  be  noted  that  the  stress  levels  at  the  highest 

speed  turbopump  applications  were  not  higher  than  those  demonstrated  during 
the  25,000  rpm  ICP  bearing  testing. 

(U)  Several  ball-cage  designs  were  fabricated  for  testing.  All 

designs  incorporated  Teflon  with  a  25 %  glass  fill.  Both  inner  and  outer  race 
designs  with  variations  of  containment  shrouds  were  fabricated  and  tested. 

The  cages  similar  to  the  design  successfully  tested  at  25,000  (see  Figure  IV— U5 ) 
were  not  of  good  quality  (the  aluminum  rails  were  not  contained  in  channels  of 
Teflon)  (refer  to  Figure  IV-1+5)  and  were  never  tested.  A  replacement  order 
was  placed  but  cancelled  when  successful  operation  was  obtained  with  an  alter¬ 
native  design.  This  alternative  design,  shown  in  the  right  side  of  Figure 
IV-1+8,  incorporated  ll+  pockets  with  0.100-in. -thick  webs  between  the  pockets 
and  was  inner  race  riding.  The  design  shown  on  the  left  is  a  modification  of 
the  same  design  made  during  the  1+0,000  rpm  testing  in  AeroZINE  50.  This 
modification  incorporated  rivets  in  each  web  (the  original  design  incorporated 


*Axial  load  was  applied  to  a  tandem  load  sharing  set  of  ball  bearings.  The 
highest  loaded  bearing  in  the  set  is  assumed  to  carry  So%  of  the  applied  load. 
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rivets  in  only  two  webs)  and  radial  cutouts  of  the  guiding  surface  (inside 
diameter)  at  each  ball  pocket.  This  modification  provided  additional  coolant 
flow  over  the  ball  and  inner  race  contact  area. 

5.  Design  of  Ball  Bearings  for  31,250  rpm  for  Propellant- 
Lubricated  (NgO^  and  AeroZINE  50)  Operation 


(U)  The  design  for  the  31,250  rpm  ball  bearing  testing  was  the 

same  as  that  initially  used  for  the  40,000  rpm  testing.  The  cage  design 
modifications  discussed  above  were  not  necessary  for  the  31,250  rpm  require¬ 
ments  but  were  also  incorporated  in  the  final  design  for  the  inline  turoopump 
to  provide  extra  margin  of  safety.  The  race  to  ball  stress  levels  at  the 
required  test  cond-’  tions  are  summarized  above  in  the  40,000  rpm  ball  bearing 
design  for  comparisons. 

6.  Design  of  Roller  Bearings  for  40,000  rpm  Propellant- 
Lubricated  (NgO^  and  AeroZINE  50)  Operation 


(U)  The  roller  bearing  designs  for  either  NgO^  or  AeroZINE  50 
operation  were  the  same.  The  internal  geometry  of  the  final  bearing  after 
testing  is  summarized  as  follows: 


Roller  complement 
Poller  size 
L/D 

Roller  crown 

Radial  play  (unmounted)* 
Class 


13 

0.320  in.  dia  x  0.360  in.  long 
1.125 

28  in.  radius  x  0.075  long 
(both  sides) 

0.001  to  0.0014 

RBEC  7 


•Roller  bearings  with,  radial  play  (unmounted)  of  0.0015  to  0.0019  in.  were 
also  tested. 
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(U)  Misaligned  operation  required  that  the  roller  bearing  have  a 

built-in  aligning  mechanism.  Figure  lY-lh  shows  how  roller  bearing  life 
(B^-oil  lubricated)  decreases  rapidly  with  the  misaligned  operation  when  no 
alignment  device  is  used.  The  mechanism  used  for  this  design  was  a  spherical 
mounting  of  the  outer  race  (refer  to  Figure  IV-lU).  The  outer  race  incorpo¬ 
rated  a  spherical  outer  diameter  and  was  mounted  in  a  mating  spherical  ring. 

To  reduce  the  coefficient  of  friction,  a  0. 00^-in. -thick  glass-filled  Teflon 
film  was  bonded  on  the  inside  spherical  surface  of  the  mounting  ring.  The. 
bearing  outer  race  was  fitted  to  the  spherical  mounting  ring  with  a  slight 
interference  fit,  in  the  order  of  0.0002  in. 

(D)  Two  bearings  of  this  design  were  fabricated  of  two  different 

material  combinations .  The  primary  design  incorporated  both  races  and  rollers 
of  MOO  material.  This  bearing  was  planned  for  the  testing  in  NgO^  and  was 
available  for  the  testing  in  AeroZINE  50.  The  second  design  incorporated  a 
UI+OC  inner  race,  K-5-H  outer  race,  and  K-5-H  rollers.  This  bearing  was 
planned  for  testing  in  AeroZINE  50.  During  the  test  program  appreciable  roller 
end  wear  resulted  during  the  testing  in  AeroZINE  50;  only  slight  burnishing 
was  noted  in  the  tests  conducted  in  N^O^ .  The  material  combination  of  K-5-H 
on  Ui+0C  was  selected  on  the  basis  of  the  good  results  obtained  during  both  a 
four  ball  bearing  material  investigation  and  tests  of  210  size  bearings  at 
25,000  in  AeroZINE  50  with  the  K-5-H  and  UUOC  combination  conducted  during  the 
ICP  bearing  program  (Reference  10). 

(U)  The  comparison  of  the  mean  stress  levels  of  these  two  bearing 

designs  at  1*0,000  rpm  and  under  radial  loads  of  500  to  1000  lb  is  given  below: 
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Design 

Both  races 
and  rollers 

UliOC  inner  race 
K-5-H  rollers 
K-5-H  outer  race 

500  lb 

Inner  race 

stress , 

psi 

130,000 

162,500 

Outer  race 

stress. 

psi 

110,000 

206,000 

1000  lb 

Inner  race 

stress , 

psi 

182,000 

228,000 

Outer  race 

stress , 

psi 

167,000 

313,000 

(U)  The  Teflon-lined  spherical  mounting  housing  was  17-1*  PH  for 

both  designs. 

(U)  Several  roller-cage  designs  were  fabricated  for  testing.  As 

in  the  ball  cages,  all  of  the  roller  cage  designs  were  made  of  Teflon  with  a 
25 %  glass  fill.  Both  inn^r  and  outer  race  designs  with  variations  of  contain¬ 
ment  shrouds  were  fabricated  and  tested.  Two  of  these  designs  were  used  in 
the  work  statement  achievement  tests.  These  two  cages  are  shown  in  Figure 
IV-U9.  The  inner  race  design  shown  on  the  right,  has  15  pockets  and  a  web 
thickness  at  the  pitch  diameter  of  about  0.075  in.  and  incorporate  a  full  con¬ 
tainment  shroud  of  aluminum.  An  aluminum  rivet  adds  strength  to  each  web. 

It  was  found  necessary  to  modify  the  aluminum  cutout  around  the  pocket  during 
the  testing  to  assure  that  the  rollers  did  not  contact  the  shroud.  The 
aluminum  open  area  around  the  pocket  was  increased  so  as  to  expose  0.020-in. 
Teflon  around  the  perimeter.  This  design  was  successfully  used  in  the 
31,250  rpm  successful  tests  in  both  and  AeroZINE  50  and  in  the  1*0,000  rpm 

tests  in  N^O^.  Failures  of  this  cage  occurred  during  the  1*0,000  rpm  tests  in 
AeroZINE  50. 
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(U)  The  cage  shown  in  the  left  of  Figure  IV-49  was  the  design 

used  successfully  in  the  40,000  rpm  tests  in  AeroZINE  50.  This  cage  is  the 
same  "thin-line"  design  demonstrated  in  the  25 ,000  rpm  test  series  and  pro¬ 
vides  more  area  for  propellant  through  flow  hut  contains  two  less  rollers 
than  the  inner  race  riding  design.  The  web  thickness  was  0.110  in.  Tests 
were  also  conducted  with  cages  of  this  design,  but  with  15  pockets.  The  web 
thicknesses  of  the  15-pocket  cage  was  only  0.060  in.,  and  was  found  to  be 
inadequate.  Consequently,  to  obtain  increased  web  thickness  of  0.110  in.,  two 
rollers  were  dropped.  This  change  resulted  in  about  a  30%  decrease  in  bearing 
life.  However,  as  noted  in  Figure  IV-lU,  the  life  for  the  13  roller 
bearing  at  the  steady-state  load  requirement  of  500  lb  at  40,000  rpm  is  still 
1550  lb.  This  life  was  calculated  for  oil  lubrication  and  is  used  as  a 
criteria  of  comparison  as  to  upper  limit  of  life  expected  in  propellants. 

With  cages  of  nonmetallics  the  web  thickness  is  most  important.  The  13  roller 
"thin-line"  cage  is  considered  the  optimum  design  for  this  application. 

7.  Design  of  Roller  Bearings  for  31,250-rpm  Propellant-Lubricated 
(NgO^  and  AeroZINE  50)  Operation 


(U)  The  roller  bearing  design  for  the  31,250  test  series  in  N^O^ 

and  AeroZINE  50  was  the  same  as  the  15-roller  design  with  inner  race  riding 
cage  as  discussed  for  the  40,000- rpm  requirement  except  for  the  alignment 
capabilities.  The  ouc  r  race  was  of  standard  108  (68  mm)  dimensions.  The 
internal  geometry  was  the  same  as  that  tabulated  in  the  40,000-rpm  design 
except  for  the  number  of  rollers.  Figure  IV-49  shows  the  bearing  and  cage 
design  along  with  the  13-roller  40,000-rpm  design. 
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8.  Testing  at  31,250  rpm 

(U)  No  bearing  problems  were  encountered  during  any  of  th?  testing 

at  31,250  rpm.  The  ball  and  roller  bearing  work  statement  requirements  were 
met  in  one  test  (Test  7)  in  and  one  test  (Test  10)  in  AeroZINE  50. 

Figure  IV-50  tabulates  steady-state  data  for  Test  7  in  N^. 
The  test  duration  was  7  min  and  15  sec,  of  which  6  min  and  53  sec  were  at  a 
speed  of  31,250  to  32,000  mm.  Minimum  and  maximum  axial  loads  were  1770  and 
1+200  lb.  The  axial  load  was  greater  than  2200  lb  for  6  min  If  sec  and  was  more 
than  1+200  lb  for  26  sec  of  the  test  duration.  The  radial  lot  '  was  greater  than 
500  lb  during  the  entire  test  duration,  and  was  between  980  and  985  lb  for 
1*7  sec.  Figure  IV-51  shows  the  excellent  posttest  condition  of  these  bearings. 

Figure  IV-52  tabulates  steady-state  data  for  Test  10  in 
AeroZTNE  50.  The  test  duration  at  32,000  rpm  was  7  min  20  sec  of  which  6  min 
53  sec  were  above  32,000  rpm.  The  minimum  axial  load  was  2700  lb,  and  an  axial 
load  of  1+600  lb  was  maintained  for  20  sec.  The  minimum  radial  load  was  600  lb, 
and  a  peak  radial  load  of  1115  lb  was  applied  for  18  sec.  Radial  load  was 
above  1000  lb  for  31  sec.  Figure  IV-53  shows  the  excellent  posttest  condition 
of  these  bearings.  As  can  be  seen  from  this  photograph  (Figure  IV-53),  slight 
roller  end  wear  of  the  l+l+OC  rollers  was  experienced;  however,  this  was  con¬ 
sidered  acceptable  for  the  turbopump  application. 


9.  Testing  at  1+0,000  rpm 

It  was  considerably  more  difficult  to  obtain  satisfactory  ( u) 
test  results  at  1+0,000  rpm.  A  large  portion  of  these  problems  were  tester  and 
facility  problems  since  the  tester  was  of  new  design  and  the  facility  was  a  new 
installation.  The  same  tester  and  test  setup  was  used  during  the  testing  at 
31,250  rpm  discussed  previously;  however,  the  initial  tester  and  facility 
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checkout  and  hearing  tests  were  conducted  at  1+0,000  rpra  in  N^O^  as  tabulated 
in  Figure  IV-50.  The  first  four  tests  were  considered  checkout  tests  and  are 
not  tabulated  in  Figure  IV-50  since  no  significant  bearing  test  data  were 
obtained. 

(U)  Work  statement  objectives  for  the  testing  at  1+0,000  rpm  in 

N^O^  were  met  in  two  tests  (Tests  5a  and  6b)  on  tne  same  bearings.  Figure  IV-50 
tabulates  steady-state  data  for  these  tests.  Test  5a  was  conducted  with  the 
roller  bearing  mounted  in  an  aligned  position  and  nhe  other  (Test  6b)  with  the 
roller  bearing  mounted  in  a  misaligned  housing.  The  misalignment  was  equivalent 
to  a  radial  displacement  of  0.0l6  in.  of  the  bearing  bores  of  the  T-engine 
turbopump  housing,  which  was  twice  the  allowable  radial  displacement  of  the 
housing  stipulated  in  the  work  statement.  Figure  IV-11+  shows  this  amount  of 
misalignment  and  the  probable  life  if  an  alignment  mechanism  is  not  used. 

(U)  In  addition  to  Tests  5a  and  6b,  three  starts  were  made  on 

these  bearings  that  did  not  generate  significant  data  for  work  statement 
requirements  because  of  difficulties  encountered  in  the  test  systems.  They 
are  included  in  the  tabulation  of  Figure  IV-50  only  to  present  a  complete 
history  of  the  work  statement  achievement  bearings. 

(U)  Total  accrued  duration  of  bests  5a  and  6b  was  lb  min  and 

9  sec.  During  Test  5a,  the  roller  bearing  was  installed  in  the  aligned  posi¬ 
tion.  Test  duration  was  1+  min  and  57  sec,  of  which  !+  min  and  29  sec  was  at 
speeds  of  38,000  to  39,600  rpm.  Minimum  and  maximum  axial  loads  were  1170  and 
2950  lb.  The  2950  lb  was  maintained  for  20  sec  and  over  2300  lb  was  maintained 
for  i+3  sec.  The  radial  load  for  the  entire  duration  was  500  lb.  The  test  was 
terminated  prematurely  during  a  radial  load  increase  to  870  lb  because  the 
turbine  speed  signal  was  lost.  The  bearings  were  removed,  examined,  and  found 
to  be  in  excellent  condition. 
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(u)  The  same  bearings  were  reinstalled  for  the  next  test.  The 

roller  bearing  was  installed  in  a  misaligned  housing.  The  duration  of  the  next 
significant  test  (Test  6b)  was  9  min  and  12  sec  of  which  8  min  and  50  sec  were 
at  speeds  of  38,800  to  1*0,1+00  rpm.  Minimum  and  maximum  axial  loads  were  ll+50 
and  2500  lb.  The  2500  lb  was  maintained  for  36  sec.  Minimum  and  maximum 
radial  loads  were  500  and  1000  lb.  The  radial  load  peak  was  applied  twice 
during  this  test  for  a  total  duration  of  32  sec.  Figure  IV-5^  is  a  test  data 
plot  of  Test  6b.  Figure  IV-55  exhibits  the  excellent  posttest  condition  of 
these  bearings. 

(U)  The  1*0,000  rpm  series  in  AeroZINE  50  was  the  most  difficult 

of  the  test  requirements  because  AeroZINE  50  is  an  extremely  poor  lubricant. 

A  problem  of  roller  bearing  operation  in  AeroZINE  50  is  severe  roller  end  wear. 
Poller  skewing  and  skidding  problems  are  accentuated  by  this  wear  since  the 
guiding  land  clearance  increases  with  operation.  This  in  turn  causes  high  drag 
on  the  roller  cage.  Also,  large  cage  moments  result  unless  pocket  clearances 
are  large  enough  to  accept  the  roller  skewing.  For  this  reason,  the  first 
design  incorporated  K-5-H  rollers,  K-5-H  outer  race,  and  1+1+CC  inner  race. 

This  combination  was  selected  on  the  basis  of  the  results  of  four  ball  tests 
and  bearing  test?  conducted  on  the  pre-ARES  ICP  bearing  program  (Reference  10). 

(U)  The  first  test  (Test  8)  conducted  in  AeroZINE  50  at  1*0,000  rpm 

was  performed  on  a  bearing  of  this  material  combination.  No  problems  were  noted 
during  the  test;  full  duration  of  1*50  sec  was  obtained,  with  1*29  sec  of  opera¬ 
tion  at  1*0,300  rpm.  Minimum  and  maximum  axial  loads  were  1820  and  2690  lb, 
whereas  minimum  and  maximum  radial  loads  were  500  and  1110  lb.  Steady-state 
data  points  are  tabulated  in  Figure  IV-52.  Upon  disassembly  and  inspection 
of  the  roller  bearing,  it  was  found  that  considerable  wear  had  occurred  on  the 
K-5-H  rollers  and  in  the  loaded  zone  of  the  K-5-H  outer  race.  This  bearing  was 
of  the  self-aligning  design  mounted  with  a  misalignment  equivalent  to  a 
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0.0l6-in.  radial  displacement  of  the  T-engine  roller  bearing  span.  Figure 
IV-l4  shows  this  data  point  on  the  life  plot  as  a  function  of  radial  displace¬ 
ment.  The  curve  represents  the  probable  life  for  a  bearing  without  an 
aligning  device.  The  roller  bearing  cage  was  in  good  condition. 

(U)  This  cage  had  15  roller  pockets  and  was  of  the  same  "thin- 

line"  design  that  was  successfully  tested  in  the  25,000  rpm  series  in 
(Figure  IV-45).  Later  failures  of  this  cage  resulted  in  the  redesign  which 
decreased  the  roller  pockets  to  13  to  increase  the  web  thickness.  Also, 
the  shroud  material  was  changed  from  aluminum  to  302  stainless  steel. 

(ll)  The  load  sharing  ball  bearing  set  was  in  excellent  condition. 

This  bearing  set  incorporated  K-5-H  balls  in  440C  races  and  experimental 
outer  race  riding  cages.  This  cage  design  was  a  "halo"  type  fabricated  of 
25/J  glass-filled  Teflon  molded  around  a  stainless-steel  ring  located  at  the 
pitch  diameter.  Posttest  condition  of  the  ball  bearing  cages  was  good;  however 
the  same  cages  failed  in  the  next  test  (Test  9)  and  the  design  was  not  evalu¬ 
ated  further. 

(U)  Measurements  of  the  K-5-H  race  and  roller  wear  were  taken. 

The  race  wear  covered  about  120°  of  the  outer  race  track.  The  wear  was  tapered 
and  measured  from  0.0008  in.  to  0.0015  in.  deep  axially  across  the  track. 
Approximately  half  of  the  rollers  had  circumferential  wear  of  about  0.001-in. 
radial  depth  which  resulted  in  a  dumbbell  shape.  In  addition,  profilometer 
measurements  were  taken  of  new  K-5-H  rollers  which  passed  the  normal  roundness 
inspection  but  were  found  to  be  of  poor  quality  with  more  precise  inspection. 
They  nad  irregular  crowning,  small  flats,  and  very  small  holes.  'This  poor  con¬ 
dition  probably  contributed  heavily  to  the  wear.  K-5-H  material  is  most  diffi¬ 
cult  to  grind,  and  better  results  would  be  obtained  if  diamond  grinding  wheels 
were  used  instead  of  carborundum  wheels. 
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(U)  It  is  also  believed  that  a  finer-grain  material  with  a  minimum 

of  cobalt  binder  probably  would  be  less  prone  to  wear.  Stress  does  not  appear 
to  be  the  primary  cause  of  the  wear  since  the  bearings  with  K-5-H  balls 
operated  successfully  at  higher  stresses.  Further  testing  with  improved  K-5-H 
rollers  would  be  necessary  to  determine  the  cause, 

(u)  Because  of  the  poor  quality  of  the  K-5-H  rollers  on  hand,  the 

remainder  of  the  tests  in  AeroZINE  50  were  conducted  with  440C  races  and 
rollers.  Appreciable  end  wear  of  the  440C  rollers  resulted,  but  was  demon¬ 
strated  to  be  acceptable  for  work  statement  life.  This  end  wear  can  be  seen 
in  the  posttest  photographs  of  the  AeroZINE  50  tests  (Figures  IV-53  and  IV-56). 

(U)  Failures  of  the  "thin-line"  roller  bearing  cages  with  15 

pockets  occurred  during  Test  11  and  during  two  tests  on  the  wear  ring  program, 
which  was  being  conducted  concurrently  and  used  the  same  bearing  design  (water- 
lubricated).  Because  of  these  failures  the  cage  was  redesigned  with  13  rollers 
\*to  obtain  thicker  webs  between  roller  pockets  (refer  to  Figure  IV-49). 

(U)  i  Two  failures  of  the  ball-bearing  load-sharing  set  occurred. 

The  'iliV.t  wa-s  in  Tests  12  through  15  and  the  second  was  in  Test  16.  Both  892  9i* 
failures  were  similar  fatigue  failures  of  the  races  and  balls.  Both  tests 
were'  conducted  with  an  AeroZINE  50  flow  of  8  to  9  gpm  while  previous  tests 
were  conducted  at  AeroZINE  50  flows  of  about  12  gpm.  The  flow  was  decreased 
to  lessen  the  fluid-loading  forces  on  the  cages,  which  in  turn  loads  the 
rollers  against  the  downstream  guiding  land  and  increases  the  roller  end  wear. 
From  previous  bearing  experience  in  AeroZINE  50  and  from  the  completed  tests 
at  4c,000  rpm  in  N^O^  at  flows  of  9  to  11  gpm  no  problem  was  expected  in 
reducing  the  flow  to  the  8  gpm  value  and  no  problem  was  seen  in  the  roller 
bearing.  However,  because  the  ball  bearing  set  is  at  close  proximity,  almost 
all  of  the  heat  generated  in  the  upstream  ball  bearing  was  input  to  the 
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downstream  ball  bearing.  In  both  failures  the  downstream  bearing  was  in  the 
worse  condition  and  showed  evidence  of  high  temperature.  In  addition  to  the 
lower  flow,  the  ball  bearing  set  in  Test  16  was  subjected  to  an  extremely  high 
peak  axial  load.  An  error  in  the  axial  load  piston  pressure  resulted  in  an 
axial  load  of  6000  lb  for  22  sec  and  a  peak  of  7080  lb  as  noted  in  Figure 
IV-52.  The  failure  probably  started  during  this  high-load  period.  However, 
it  was  about  3  min  later  when  the  test  was  terminated  because  of  excessive 
vibration.  The  load  at  shutdown  was  i960  lb. 

(U)  The  accrued  duration,  rotational  speed,  and  bearing  loads  all 

met  work  statement  requirements  during  Tests  12  through  15 .  However,  the 
posttest  condition  of  the  ball  bearings  was  unacceptable.  The  roller  bearing 
was  accepted  as  a  work  statement  achievement  exhibit  for  the  1+0,000  rpm 
AeroZINE  50  lubricated  requirement.  The  roller  bearing  was  mounted  aligned 
for  Tests  12  and  13  for  a  total  duration  of  8  min  and  lU  sec  and  in  a  mis¬ 
aligned  housing  for  Tests  ll+  and  15  for  a  duration  of  1+  min  and  1  sec.  The 
cumulative  duration  was  therefore  in  excess  of  the  12-min  requirement.  Speed 
was  between  1(0,000  to  1+0,500  rpm.  Minimum  anc*  maximum  radial  loads  were  5U0 
and  1070  lb.  The  peak  load  of  1070  lb  was  maintained  for  27  sec.  Figure  IV-52 
tabulates  steady-state  data  for  these  tests. 

(U)  The  bearing  was  removed,  inspected,  and  reinstalled  in  a 

misaligned  housing  after  Test  13.  Some  damage  had  been  experienced  from  the 
dirt  generated  from  the  failing  ball  bearings,  Race  spalling  had  started  in 
three  small  areas  and  there  were  many  dirt  dents  on  both  raceways.  Also,  small 
dents  were  visible  on  the  rollers.  The  cage  was  in  excellent  condition.  The 
cage  was  the  improved  thin-line  design  with  13  rollers  and  the  stainless-steel 
shroud  web  was  contained  in  a  Teflon  channel  preventing  contact  between  the 
roller  and  stainless-steel  shroud.  After  Tests  1*+  and  15  this  bearing  was  in 
the  seme  condition  as  noted  above  at  assembly  and  found  acceptable  for  work 
statement  achievement.  Figure  IV-56  shows  this  roller  bearing  along  with  the 
achievement  ball  bearings. 
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(U)  Work  statement  objectives  for  testing  the  ball  bearings 

at  1*0,000  rpm  in  AeroZINE  50  were  met  in  Tests  IT  through  19.  Figure  IV-52 
tabulates  steady-state  date  for  these  tests.  AeroZINE  50  flow  was  increased 
to  ll*  gpm  for  these  tests.  The  accrued  duration  for  these  tests  was  13  min 
and  35  sec.  A  total  of  seven  starts  were  made  on  these  bearings  as  noted  in 
Figure  IV-52.  Maximum  peak  and  steady-state  loads  were  2750  and  1600  lb.  A 
peak  load  of  more  than  2500  lb  was  maintained  for  27  sec  during  Test  19c.  The 
axial  load  was  more  than  1500  lb  for  the  entire  12  min  and  35  sec  duration  of 
Test  19c  and  was  between  1200  and  1700  for  the  1-min  duration  of  Test  17. 
Rotational  speed  was  in  excess  of  1*0,000  rpm  for  the  total  cumulative  duration. 
Since  work  statement  requirements  were  completed  for  the  roller  bearing,  the 
radial  load  was  250  lb  during  these  tests.  The  ball  bearings  were  in  excellent 
posttest  condition  (see  Figure  IV-56).  The  balls  were  K-5-H  and  races  were 
1+1+OC .  The  cages  were  the  modified  inner  race  design,  shown  in  Figure  IV— 1+8 , 
which  allows  through  flow  at  each  ball  race  contact  area. 

10.  Summary  and  Conclusions 

(U)  a.  All  work  statement  objectives  were  satisfactorily  demon¬ 

strated. 

(U)  b.  The  final  roller  bearing  design  for  both  turbopumps 

incorporate  the  13-roller  thin-line  outer-race  riding  cage  since  roller-bearing 
life  with  13  rollers  is  more  than  adequate  and  the  lesser  number  of  rolling 
allows  more  space  for  heavier  webs  on  the  bearing  cages. 

(U)  c.  The  ball-bearing  design  for  Doth  turbopumps  incorporate 

the  llt-ball  inner  race  riding  cage  with  increased  area  for  through  flow. 

(U)  d.  In  AeroZINE  50  the  ball  bearing  incorporating  K-5-H  balls 

in  l*!+0C  races  gave  superior  performance. 
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(U)  e.  The  amount  of  end  wear  experienced  on  the  440C  rollers 

during  the  AeroZINE  50  work  statement  achievement  tests  is  acceptable  to 
turbopump  life.  However,  elimination  of  end  wear  is  desirable.  Better  tooling 
and  control  is  required  to  fabricate  K-5-H  rollers  of  the  quality  required. 
Finer  grain  material  with  a  minimum  of  cobalt  binder  should  be  used. 

(U)  f.  Misaligned  operation  was  successfully  demonstrated  at 

40,000  rpm  in  both  NgO^  and  AeroZINE  50  with  the  spherical  outer-race  design. 

(U)  g.  In  addition  to  the  bearing  work  statement  requirements, 

the  following  data  was  obtained  during  the  bearing,  wear  ring  and  seal  test 
programs : 


(l)  Operation  without  filters  was  demonstrated  for 
5  min  in  NgO^.  More  information  on  bearing  life  and  reliability  is  needed  to 
eliminate  filters. 


(2)  Most  reliable  operation  was  obtained  at  1+0,000  rpm 
with  10  to  20  gpm  of  flow. 

(3)  Operation  without  propellant  flow  for  several  seconds 

caused  no  damage. 

(I)  Acceleration  to  50,000  rpm  in  1  sec  has  been 

demonstrated. 

(5)  Satisfactory  operation  during  retest  of  NgO^  lubri¬ 
cated  bearings ,  after  24 -  to  48-hr  downtime  with  freon  flush  on  shutdown  and  a 
continuous  GNg  purge,  was  demonstrated. 

f.  Retest  of  AeroZINE  50  lubiicated  bearings,  after  2k  to 
48  hr  downtime  without  purges,  *?as  demonstrated. 
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(U)  g.  Rapid  (l  sec)  changes  in  pressure  from  100  to  3000  psi, 

like  those  experienced  in  the  turbopump  start  transient,  produced  no  problems. 

11.  Application  to  the  ARES  Turbopumps  and  Further  Requirements 

(U)  Both  the  T-engine  and  inline  engine  turbopumps  incorporate  a 

thrust  balancer,  integral  with  the  first-stage  fuel  impeller.  Consequently, 
the  ball  bearings  are  only  required  to  carry  start-  and  stop- transient  loads 
in  normal  operation.  This  arrangement  requires  a  different  ball  bearing 
arrangement  than  the  tandem  load-sharing  set  demonstrated  at  work  statement 
requirements.  The  work  statement  loads  were  much  higher  than  the  1+00-lb  ball¬ 
bearing  load  expected  during  a  normal  start  transient.  Section  IV, B  discusses 
the  turbopump  thrust  balance  and  bearing  arrangement  and  expected  operation. 
Figure  IV-12  shows  the  load-life  relationship  for  a  single  ball  bearing  of 
the  final  design  for  both  high-load  (as  required  by  the  work  statement)  and 
light-load  operation  (as  expected  in  the  tvrbopumps).  The  108-size  ball 
bearing  duplex  "DB"  set,  designed  for  both  turbopumps,  should  be  tested  at  the 
actual  design  requirements  even  though  higher  loads  were  demonstrated  on  the 
same  bearing  design  in  a  load  sharing  arrangement.  The  "DB"  arrangement  is 
more  sensitive  to  temperature  caused  clearance  changes  and  some  design  optimi¬ 
zation  may  be  required  before  turbopump  operation. 

(U)  The  T-engine  turbopump  roller  bearing  design  is  the  same  for 

both  the  AeroZINE  50  and  lubricated  bearings.  The  races  and  rollers  are 

UU0C,  the  outer  race  is  mounted  in  a  spherical  housing  and  the  cage  is  the 
13-roller  outer-race  riding  thin-line  design  (shown  in  Figure  IV-1+9). 

Figure  IV-ll*  shows  the  effect  of  radial  misalignment  on  the  life  of  this 
bearing  without  the  aligning  mechanism  for  the  T-engine  turbopump  bearing  span, 
while  operating  at  U0,000  rpm  and  under  a  500  lb  radial  load.  Further  work 
should  be  done  to  eliminate  roller  end  wear  when  operating  in  AeroZINE  50. 
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further  testing  should  be  conducted  on  the  corrosion  effects  of  N^O^  on 
tarings  and  to  develop  methods  of  cleaning  and  preserving  bearings 
n  tests  to  prevent  corrosion  after  N^O^  exposures. 

The  inline  engine  turbopump  incorporates  a  107-size  (35  mm 
fuel  lubricated  roller  bearing  and  a  109-size  (45  mm  bore)  oxidizer 
lubricated  roller  bearing.  No  misalignment  device  was  required.  The  races 
j|j  and  rollers  are  440C  and  the  cages  are  of  the  same  outer  race  riding  thin-line 

design  selected  for  the  108  size  bearings  used  in  the  T-engine  turbopump. 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 


Page  IV-157 

UNCLASSIFIED 


Report  10830-F-l ,  Phase 


IV,  Turbopump  Assembly  (coot.) 

H.  PUMP  HEAR  RUGS 

1.  Objectives  and  Approach 

(U)  The  primary  objectives  of  the  pump  wear-ring  program  were  to 

design  and  evaluate  wear  rings  for  both  the  fuel  and  oxidizer  pump  impellers . 
The  pumps  use  fully  shrouded  impellers  as  shown  i:.  Figure  IV-57-  The  criteria 
for  success  of  the  test  program  were  that  the  final  designs  (selected  for  the 
turbopump)  would  (l)  satisfactorily  limit  or  control  internal  leakage  in  the 
pump  to  a  value  consistent  with  the  turbopump  efficiency  and  thrust-balance 
requirements  and  '.2)  operate  safely  and  reliably  with  intermittent  rubbing  in 
both  HgOjj  and  Aer^ZIHE  50. 

(U)  secondary  objectives  were  to  establish  insert  materials  for 

other  close-running  components ,  such  as  shaft  labyrinths,  inducers,  and  boost 
pumps. 

(U)  Two  design  approaches  were  taken  in  solving  the  wear-ring 

sealing  and  explosion  hazard  problems.  The  first  approach  was  to  allow  inter¬ 
mittent  rubbing  of  the  impeller  wear  ring  on  inert,  compatible  inserts; 
straight  labyrinth  seals  were  designed  and  tested  with  various  combinations 
of  insert  materials  and  pressure  retention  mechanisms. 

(U)  The  second  approach  was  to  allow  low-speed  transient  rubbing, 

but  to  prevent  high-speed  contact  by  maintaining  a  fluid  film  between  the 
impeller  rubbing  surfaces  and  the  seal  itself.  Hydrostatic  face  and  journal 
seals,  based  upon  this  concept,  were  designed  and  tested. 

(U)  The  test  approach  was  to  conduct  preliminary  screening  tests 

in  water.  Both  rotating  tests  {at  30,000  rpm  and  2000  to  2500  psi  pressure 
differential)  and  nonrotating  tests  (at  1+000  psi  pressure  differential)  were 
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conducted.  Selected  designs  were  then  tested  in  N^O^  or  AeroZINE  50  at  h 0 ,000 
rjsa  and  turbopump  simulated  operating  conditions.  During  the  rotating  tests, 
rubbing  conditions  were  simulated  by  actual  displacement  of  the  test  seal 
toward  the  rotating  wear  ring  by  an  amount  greater  than  the  measured  radial 
clearance. 


2.  Design  Requirements 

(U)  The  wear-ring  seals  had  to  satisfy  four  basic  design 

requirements : 


a.  They  must  efficiently  limit  internal  leakage  in  the  pump. 


b. 

housing  and  operate 


They  must  follow  the  movements  of  the  pump  impeller  and 
safely  and  reliably  in  highly  explosive  fluids. 


c.  They  must  be  simple,  small,  and  light. 


d.  They  must  be  able  to  control  the  axial  thrust  forces  to 
a  reasonable  value  which  the  thrust  bearing  can  absorb. 


(U)  The  specific  operating  requirements  of  the  wear  rings  for  the 

oxidizer  pump  required  sealing  of  a  4000-psi  pressure  differential  while  oper¬ 
ating  at  600  ft/sec  surface  velocity  and  accommodating  axial  movements  of 
O.OUO  in.  and  radial  movements  of  0.015  in. 


(U)  The  specific  operating  requirements  for  the  fuel-pump  wear 

ring  necessitated  sealing  of  a  2000-psi  pressure  drop  while  operating  at  820 
ft/sec  surface  velocity,  and  accommodating  axial  movements  of  0.005  in.  and 
radial  movements  of  0,010  in.  In  addition,  the  fuel  wear  rings  serve  as 
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constant-area  restrictors  that  supply  flow  to  each  side  of  the  double-acting 
thrust-balancing  piston.  This  balancing  piston  (discussed  in  detail  in 
Section  IV-B) ,  is  made  integral  with  the  fuel  impeller  and  is  capable  of  com¬ 
pensating  for  unbalance  axial  forces  of  +  15,000  lb. 

(U)  The  first  basic  design  requirements  (limiting  internal  leakage) 

becomes  very  important  at  high  pressures.  Figure  IV-58  shows  how  pump  effi¬ 
ciency  varies  as  a  function  of  wear-ring  radial  clearance  (leakage)  and  pres¬ 
sure  differentials  for  a  bushing,  straight  labyrinth,  and  stepped  labyrinth  of 
comparable  axial  ler^h  and  diameter. 

(U)  The  importance  of  the  second  basic  requirement  (prevention  of 

explosions)  is  obvious.  Oxidizer  pumps  are  the  most  prone  to  this  type  of 
failure;  metal-to-metal  rubbing  generates  both  fuel  (in  the  form  of  small 
metal  particles)  and  heat  to  initiate  burning. 

(U)  If  the  burning  is  confined,  as  it  would  be  in  a  close-running 

wear-ring  seed,  detonation  is  likely  to  follow.  Also  it  is  known  that,  as 
pressures  go  up,  ignition  temperatures  of  metals  go  down.  Consequently,  the 
explosion  hazard  increases  when  pumping  to  high  pressures. 

(U)  Rubbing  of  metals  in  high-pressure  NgO^  pumps  has  resulted  in 

catastrophic  failure  (Reference  11);  however,  severe  rubbing  in  a  similar  high- 
pressure  AeroZINE  50  pump  was  sustained  without  explosion  (Reference  12). 
Previous  investigations  report  that  AeroZINE  50  may  detonate  if  its  temperature 
exceeds  several-hundred  degrees.  Therefore,  consideration  should  be  given  to 
preventing  rubbing  or  at  least  minimizing  temperature  rises  during  rubbing 
conditions  in  the  AeroZINE  50  pump  as  well. 

(U)  The  third  basic  requirement  (simple,  small,  and  light)  is 

part  of  the  overall  engine  concept,  which  demands  che  elimination  of  redundancy 
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and  complexity.  Also,  at  1*0,000  rpm,  the  masses  of  the  wear  rings  attached  to 
the  shrouds  of  the  impellers  must  be  small  in  order  to  keep  the  centrifugal 
stresses  at  an  acceptable  level. 

(U)  The  fourth  basic  requirement  (axial  thrust  balance)  also  is 

more  critical  in  high-pressure  pumps.  The  axial  forces  acting  on  the  turbo¬ 
pump  rotating  assembly  are  very  large  (summation  of  200,000  lb  in  either 
direction).  A  steady-state  operating  thrust  balance  is  attempted  in  the  design 
by  the  appropriate  radial  location  of  the  impeller  wear-ring  seals. 

(U)  Theoretically,  such  a  thrust  balance  could  yield  zero  thrust 

at  design  operating  conditions.  However,  with  load  summations  of  such  large 
magnitudes,  an  error  of  only  a  few  percent  in  estimated  pressure  distributions, 
plus  variations  in  practical  manufacturing  tolerances  could  result  in  unbalance 
forces  in  the  range  of  5,000  to  10,000  lb. 

(U)  As  discussed  in  Section  IV-B,  the  fuel  impeller  ip  designed 

to  serve  as  a  thrust-balancing  piston  which  compensates  for  these  steady-state 
loads  as  well  as  for  off-design  transient  loads.  The  flow  requirement  for 
proper  operation  of  this  thrust  balancer  is  appreciable  (TO  gpm  per  side). 

For  this  reason  only  straight  labyrinth  wear  rings  were  considered  for  the 
fuel  pump. 

(U)  In  the  design  of  the  wear  rings  for  the  oxidizer  pump,  all 

four  of  the  basic  requirements  were  considered.  The  first  two  basic  require¬ 
ments  (low  leakage  and  safe  operatior  in  high-pressure  N^O^)  could  not  be 
easily  met  in  a  conventional  bushing  or  labyrinth  type  of  seal  at  the  specific 
operating  requirements  of  U000  psi  pressure  differential  and  600  ft/sec  sur¬ 
face  velocity.  The  first  demands  operation  at  close  clearances  (less  than 
0.010  in.),  whereas  the  second  requires  eithe'  the  elimination  of  high-speed 
rubbing  or  the  use  of  materials  that  will  not  lead  to  an  explosion  if  rubbing 
should  occur. 
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(U)  To  successfully  satisfy  these  requirements,  the  oxidizer 

pump  wear  rings  must  follow  or  conform  to  the  relatively  large  axial  (0.0l*0  in.) 
end  radial  (0.015  in.)  movements  and  clearance  changes  of  the  impeller  and 
housing.  Housing  movements  result  from  combined  pressure  and  temperature 
changes,  whereas  impeller  movements  result  from  pressure  and  temperature 
changes,  radial  and  axial  hydraulic  unbalance,  internal  bearing  clearance, 
rotating  assembly  unbalance,  centrifugal  growth,  and  operational  vibration. 

3 .  Wear-Ring  Design 

(U)  Several  basic  wear-ring-seal  design  concepts  were  analyzed  to 

meet  the  oxidizer  and  fuel-pump  requirements.  Of  these,  four  concepts 
(straight  labyrinth,  stepped  labyrinth,  face  hydrostatic,  and  journal  hydro¬ 
static)  were  selected  for  preliminary  evaluation  in  water.  The  four  selected 
configurations  are  discussed  below. 

a.  Straight-Labyrinth  Seal 

(U)  Little  information  is  available  on  liquid-labyrinth 

seals.  However,  published  annular-orifice  data  (Reference  13)  and  a  paper 
prepared  by  G.  Vermes  (Reference  lM  yielded  valuable  background  information 
for  design  and  analysis  and  for  optimum  tooth  geometry. 

(U)  The  primary  advantages  of  straight-labyrinth  seals  are 

simplicity  of  construction,  simplicity  of  operation,  and  highest  reliability, 
if  radial  clearances  between  the  rotating  cylinder  and  the  stationary  sleeve 
are  large  enough  to  preclude  rubbing.  The  minimum  clearance  to  preclude 
rubbing  was  analyzed  to  be  0.015  in.  However,  the  allowable  leakage  rate 
established  by  oxidizer  pump-efficiency  requirements  was  120  gpm,  instead  of 
2o0  gpm  for  two  labyrinths  each  with  a  clearance  of  0.015  in.  Therefore,  it 
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was  concluded  that  the  running  clearance  would  have  to  be  approximately  0.00T 
in.  and  that  rubbing  must  be  allowed  by  the  design  for  severe  movements. 

(U)  To  permit  such  rubbing,  the  stationary  member  of  the 

labyrinth  had  to  be  made  from  a  relatively  soft  and  chemically  inert  material 
that  can  deform  under  the  rubbing  action  of  the  rotating  labyrinth  teeth. 

This  approach  minimizes  the  variation  in  leakage  due  to  rubbing,  and  most 
importantly  minimizes  the  possibility  of  an  explosion. 

(U)  Literature  searches  discovered  only  a  few  prospective 

materials  that  are  compatible  with  the  test  propellents  nitrogen  tetroxide 
(N^Oj^)  and  AeroZINE  50.  Only  Teflon  (TFE  and  FEP)  is  compatible  with  both, 
whereas  Kel-F,  Kynar,  Vespel,  and  Hystel  show  promise  for  limited  service  in 
one  or  the  other.  The  compatibility  of  these  materials  with  the  propellants 
studied  is  indicated  in  the  following  table: 


Material 

Manufacturer 

TFE  Teflon 

E.  I.  duPont  de  Nemours 

& 

Co. 

FEP  Teflon 

E.  I.  duPont  de  Nemours 

& 

Co. 

Kel-F 

Minnesota  Mining  and  Mfg. 

Co. 

Kynar 

Penn  Salt  Corp. 

Vespel 

E.  I.  duPont  de  Nemours 

& 

Co. 

Hystel 

Thompson  Ramo  Woolridge 

Compatible  With 
N2°4  AeroZINE  50 


x 

x 


X 

X 

X 

X 


X 

X 


(U)  While  it  is  the  most  compatible,  virgin  Teflon  (both  TFE 

sind  FEP)  is  the  least  desirable  because  of  its  unsatisfactory  cold- flow 
properties.  Fillers  (glass,  ceramic,  graphite)  were  therefore  added  to 
increase  the  strength  of  this  material. 
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(U)  In  designing  these  close-running  labyrinth  seals,  con¬ 

sideration  was  given  to  the  retention  of  the  soft  inserts  at  high  pressure 
differentials  and  during  rubbing.  Several  designs  (Figure  IV-59)  were 
evaluated  in  both  static  (nonrot axing)  and  preliminary  rotating- rubbing  tests 
in  water.  The  retention  mechanisms  selected  for  futher  evaluation  in  propel¬ 
lants  (see  Figure  IV-57)  are  briefly  described  in  the  following  paragraphs. 


(l)  Dovetail  Insert 


(U)  The  soft  insert  was  sandwiched  between  a  two-piece 

flange.  Axial  compression  on  the  insert  depended  upon  the  thickness  of  the 
Teflon  shim  and  on  the  torque  on  the  bolts.  In  order  to  prevent  the  insert 
from  being  forced  out  of  the  flange  by  trapped  pressure,  the  insert  outer 
diameter  was  vented  to  the  downstream  side  of  the  labyrinth  by  relief  holes 
in  the  flange.  This  concept  provided  good  pressure  retention  but  required 
several  parts.  Its  main  disadvantage  is  a  wide  axial  clamp  on  the  upstream 
side  of  the  labyrinth,  which  requires  that  the  labyrinth  teeth  be  located 
either  axially  away  from  the  impeller  proper  or  that  the  number  of  teeth  be 
reduced  (with  an  attendant  increase  in  the  leakage). 

(2)  Pressure-Relieved  Insert 

(U)  In  this  concept,  a  series  of  radial  holes  connects 

the  outside  and  the  inside  of  the  insert.  Sets  of  eight  equally  spaced  holes 
were  drilled  in  each  of  three  planes,  and  each  set  of  holes  was  connected  by 
a  circumferential  groove.  The  pressure  gradients  on  the  inside  and  on  the 
outside  were  thereby  equalized,  and  the  probability  that  the  insert  would 
be  displaced  by  pressure  was  thus  reduced. 
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b.  Stepped  Labyrinth 

(U)  ''  The  attractive  feature  of  the  stepped-labyrinth  seal  is 

a  higher  head  loss  per  tooth  than  in  the  straight  labyrinth  designs.  Leakage 
rates  would  be  about  20%  less  than  with  a  straight-labyrinth  seal  having  a 
comparable  clearance  and  number  of  labyrinth  restrictions.  Because  the  teeth 
must  be  spaced  to  act  as  restrictors  during  all  phases  of  turbopump  operation, 
the  number  of  teeth  is  determined  by  the  relative  axial  movements  of  housing 
and  rotating  assembly.  For  the  oxidizer  pump  application,  this  necessitated 
fewer  labyrinth  restrictions  within  the  given  space  or  a  greater  axial  space 
to  obtain  the  same  number  of  restrictions.  Even  with  the  greater  length,  the 
leakage  requirements  still  required  close  clearances,  so  that  rubbing  had  to 
be  anticipated.  Therefore,  inert  materials  capable  of  withstanding  rubbing 
would  be  required.  Insert  retention  would  be  more  difficult  and  would  require 
more  space  than  the  straight-labyrinth  design.  Consequently,  the  advantage 
of  a  low  leakage  rate  must  be  weighed  against  increased  complexity,  size,  and 
cost.  In  addition,  the  stepped  features  of  this  seal  result  in  additional 
axial  thrust  variation  which  must  be  considered  in  the  thrust  balance  of  the 
overall  rotating  assembly.  For  these  reasons,  the  stepped  labyrinth  was 
dropped  from  the  test  program  after  preliminary  tests. 

c.  Hydrostatic  Face  Seal 

(U)  A  major  advantage  of  the  hydrostatic  face  seal  over  that 

of  labyrinth  concepts  is  the  low  leakage  rate  of  the  former,  which  results  in 
higher  pump  efficiency.  The  leakage  rate  for  the  hydrostatic  face  seal  is 
19  gpm  or  about  30%  that  of  the  straight  labyrinth  design  for  the  oxidizer 
pump  at  an  operating  clearance  of  0.007  in.  To  achieve  this  relatively  low 
leakage  at  a  pressure  differential  of  4000  psi,  the  seal  was  designed  to 
operate  at  an  axial  clearance  of  0.001  in.— a  somewhat  arbitrary  value 
influenced  by  previous  test  experience. 
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(U)  An  equally  important  feature  (for  pumping  explosive 

liquids)  is  the  elimination,  by  design,  of  any  high-speed  metal-to-metal 
rubbing.  The  seal  operates  on  a  fluid  film  which  is  maintained  by  the  design 
features  of  seal  stiffness,  force  balance,  and  orifice  compensation.  However, 
since  low-speed  transient  rubbing  cannot  be  avoided,  the  contacting  faces  are 
hard-coated  with  a  suitable  material.  Many  rubbing  tests  were  conducted  to 
evaluate  numerous  materials  at  various  loads  and  operating  speeds.  Linde 
flame  spray  LC-lc  on  LC-lc  (chromium  carbide)  was  finally  selected  as  the  best 
combination  for  this  application. 

(U)  Two  other  features  of  the  all-metal  hydrostatic  seal  that 

make  it  attractive  is  storage  life  and  insensitivity  to  pressure.  Properties 
of  the  labyrinth  plastic  inserts  will  deteriorate  with  time  and  successive 
propellant  exposures.  Also  the  plastic  inserts  are  pressure-limited,  i.e., 
at  some  pressure  differential  depending  upon  the  material  properties  and  the 
retention  mechanism,  they  will  be  extruded.  Use  of  the  all  metal  hydrostatic 
seal  would  eliminate  these  two  problems. 

(U)  The  hydrostatic  wear-ring  seal  design  had  eight  pockets 

and  was  orifice-compensated  (Figure  IV-60).  The  primary  difference  between 
this  seal  and  similar  hydrostatic  orifice-compensated  seals  consists  in 
supplying  the  orifice  by  the  pressure  being  sealed  rather  than  be  a  separate 
higher-pressure  source.  Flow  therefore  enters  the  seal  through  each  of  the 
eight  pocket  orifices  and  also  across  the  high-pressure  seal  land.  This 
combined  flow  then  exits  across  the  low-pressure  seal  land.  Consequently,  the 
pocket  pressure  at  the  design  clearance  is  less  than  the  supply  pressure. 

(U)  Secondary  sealing  is  provided  by  a  piston  ring  located 

in  the  seal,  at  a  diameter  calculated  to  obtain  a  proper  balance  of  forces. 

The  high  pressure  drop  across  the  seal  (1*000  psi)  and  the  small  cross  section 
of  the  seal  could  produce  extremely  large  pressure-area  moments ,  which  could 
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cause  the  seal  to  rotate  past  operating  clearance  and  make  the  seal  unworkable. 
These  unbalanced  moments,  about  the  centroid  of  a  cross  section  of  the  seal, 
were  reduced  to  tolerable  values  by  selecting  an  appropriate  cross  section  for 
the  seal. 

(U)  The  design  approach  taken  for  this  specific  seal  is 

outlined  in  the  following  paragraphs, 

(U)  The  flows,  and  Q  ,  past  the  primary  sealing  surfaces 

(lands)  were  calculated  by  using  the  tnin-slot  flow  equations  of  Tao  and 
Donovan  (Reference  15).  These  flow  equations  were  programed  for  the  computer 
so  as  to  allow  for  calculations  where  the  flows  across  the  sealing  lands  are 
turbulent  across  one  land  and  laminar  across  the  other  and  where  the  running 
clearances  at  the  two  lands  are  not  identical. 

(U)  The  flow  through  the  orifices,  Qq,  is  defined  by  the 

orifice  equation.  A  pocket  pressure  was  selected,  and  the  first  iteration 
pressure  drops  were  thereby  established.  These  pressure  drops  were  then 
modified  by  a  speed-effect  function  and  the  running  clearance  was  calculated 
to  satisfy  the  continuity  equation,  +  Qc  a  Knowing  the  pressure  drops, 

the  required  balance  radius  for  the  piston  ring  was  then  computed.  The  seal 
stiffness  (k)  was  calculated  after  the  continuity  equation  was  satisfied. 

(U)  There  are  many  parameters  involved  in  the  design  of  a 

hydrostatic  seal.  However,  pocket  pressure  (P  ),  and  orifice  diameter  (do), 
appear  to  be  the  most  important  because  the  seal  flow  rate  (Q  ),  the  stiffness 
(k),  and  the  running  clearance  (c)  can  be  adjusted  from  very  large  values  to 
nearly  zero.  Q,  k  and  c  are  plotted  in  Figure  IV-60  as  functions  o'  and  dQ 
for  the  seal-face  geometry  of  the  final  design  and  for  fluid  properties  of 
water  and  the  "fixed"  parameters  are  also  listed  in  this  figure.  The 
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plots  clearly  indicate  that  certain  limits  exist  for  the  possible  values  of 

P^.  At  the  lower  limit  of  P  ,  both  flow  and  clearance  are  large  and  change 

rapidly  with  small  changes  in  P  ;  the  corresponding  stiffness  is  very  low. 

P 

The  seal  therefore  should  not  be  designed  too  close  to  this  lower  limit. 

At  the  upper  lihait  of  P  ,  both  stiffness  and  clearance  are  very  small,  and  the 
upper  limit  should  therefore  also  be  avoided.  Since  previous  testing  in  N^O^ 
and  AeroZINE  50  had  demonstrated  successful  hydrostatic-seal  operation  at  a 
clearance  of  about  0.001  in.,  it  was  decided  to  design  the  seal  for  this 
clearance.  After  a  clearance  is  selected,  the  choice  of  orifice  diameter 
becomes  a  compromise  between  low  flow  rate  (small  orifice)  and  high  stiffness 
(large  orifice),  and  requires  selecting  a  point  along  the  line  c  =  constant  = 
0.001  in.  The  design  point  for  each  fluid  is  circled  on  the  curves. 

(U)  In  addition  to  being  able  to  follow  axial  movements,  the 

seal  must  respond  to  high-speed  shaft  wobble  induced  by  a  combination  of 
normal  runouts,  mass  unbalance,  and  bearing  internal  clearances.  Wobble,  of 
the  same  order  of  magnitude  as  the  seal  running  clearance,  occurs  at  rotational 
speed  or  a  frequency  of  667  cps  (40,000  rpm) .  Since  the  resonant  frequenc.es 
are  calculated  to  be  quite  high,  above  4600  cps,  no  forced-vibration  problem 
is  expected.  Also,  since  the  angular  spring  rate,  ka,  is  high  (above 
3  x  10^  in. -lb/rad),  and  since  the  piston-ring  friction  moment  is  low  (less 
than  300  in. -lb),  the  seal  is  able  to  follow  impeller- face  wobble. 

d.  Hydrostatic  Journal  Seal 

(U)  In  operation,  this  seal  is  very  similar  to  the  hydro¬ 

static  face  seal.  The  seal  (see  Figure  IV-6l)  is  basically  a  floating 
Journal  bearing,  which  is  able  to  follow  the  radial  displacements  of  the  pump- 
impeller  wear  ring  by  virtue  of  pressure  changes  in  eight  circumferentially 
equally  spaced  orifice- compensated  pockets.  Secondary  sealing  is  accomplished 
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by  a  radial  sealing  dam,  which  is  kept  in  contact  with  the  vertical  face  of  the 
housing  hy  a  slight  pressure-area  unbalance.  As  in  the  hydrostatic  face  seal, 
each  pocket  orifice  is  supplied  by  the  pressure  being  sealed  and  not  by  a 
separate  higher  pressure.  Consequently,  the  pocket  pressures  at  concentric 
operations  are  equal  and  are  less  than  the  pressure  being  sealed.  Parallel 
flows  enter  the  seal  through  the  orifices  and  across  the  high-pressure  land 
where  they  combine  and  exit  past  the  low-pressure  land.  The  flows  past  the 
primary  sealing  surfaces  (lands)  were  calculated  using  the  thin-slot  flow 
equations  of  Tao  and  Donnovan  (Reference  15)  with  an  exponent  and  coefficient 
of  N  =  0.21  and  C  =  0.316  respectively.  The  flow  through  the  orifices  was 
calculated  using  the  orifice  equation. 

(U)  A  concentric,  nonrotating  design  clearance  of  0.0025  in. 

was  chosen.  This  choice  was  a  compromise  between  expected  clearance  changes 
(i.e.,  centrifugal  growth  of  the  wear  ring,  pressure  distortions,  and 
temperature  growth)  and  seal  stiffness,  and  it  results  in  a  concentric 
operat  ng  clearance  of  O.OOlU  in.  at  2500  psi  AP  and  30,000  rpm.  Stiffness 
must  be  high  if  the  seal  is  to  follow  the  high-frequency  shaft  movements  and 
is  to  overcome  the  friction  forces  at  the  semistatic  radial  sealing  dam. 

The  design  stiffness  was  1.6  x  10^1b/in.  and  the  undamped  natural  frequency 
of  the  seal  was  about  200,000  cpm.  analysis  of  frequency  responses  showed 
that  the  seal  operating  clearance  need  only  change  by  less  than  0.0003  in.  to 
overcome  the  estimated  friction  forces. 

(U)  The  seal  design  parameters,  total  flow  (Qg)>  land 

capacity  (w),  and  stiffness  (k),  are  plotted  in  Figure  IV-6l  as  a  function  of 
eccentricity  ratio  (e)  for  the  nominal  design  operating  clearance  of 
0.001U  in.  and  for  the  expected  manufacturing  tolerance  extremes  of  +  0.0006  in. 
or  operating  clearances  of  0.0008  to  0.0020  in.  These  curves  assume  a  uniform 
axial  slot.  Also,  from  these  design  curves,  it  can  be  seen  that  the  lower 
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operating  clearances  (0.0008  in.)  would  result  in  the  best  seal  performance, 
i.e.,  higher  stiffness  and  higher  restoring  forces.  However,  the  O.OOlU-in. 
nominal  clearance  was  selected  to  ensure  a  safe  operating  clearance  on  the 
prototype  seal.  Future  seals  of  this  type  would  be  designed  for  closer 
operating  clearance. 


e.  Bushing  Seals 

(U)  Since  many  commercial  pumps  use  simple  bushings  for 

wear-ring  seals,  these  were  considered  in  the  preliminary  analysis. 

(U)  Generally,  for  small  clearances  (*0.002  in.),  the 

bushing  seal  achieves  lower  leakage  rates  and  thus  results  in  higher  pump 
efficiencies  than  the  comparable  labyrintn  (see  Figure  IV-58).  However,  at 
the  larger  clearances  required  to  prevent  high-speed  rubbing  and  for  the 
small  axial  space  available  in  the  specific  application,  the  leakage  rate 
would  greatly  exceed  that  of  the  comparable  labyrinth.  Consequently  bushing 
seals  were  not  considered  for  the  test  program. 

4.  Description  of  Tester 

(U)  The  wear-ring  tester  for  testing  in  propellants  at  speeds 

up  to  40,000  rpm  is  shown  in  Figure  IY-62.  The  tester  consisted  of  a  drive- 
power  transmission  and  a  test  head. 

(U)  The  power  transmission  imparted  the  required  torque  through 

a  shaft,  which  was  radially  supported  in  the  drive  housing  by  two  roller 
bearings;  one  of  these  bearings  was  located  in  the  test  cavity  and  was 
lubricated  by  the  test  fluid,  i.e.,  water,  oxidizer,  ’  fuel.  Axial  positioning 
was  provided  by  a  hydrostatic  tnrust  bearing,  capable  of  supporting  a  load  of 
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+  15,000  lb.  A  separate  positive-displacement  pump  supplied  20  gpm  of  U000  psig 
oil  to  the  hydrostatic  bearing  pockets.  Prior  to  being  scavenged,  the  oil 
die charge  from  this  bearing  lubricated  the  two  centrally  located  shaft-loading 
roller  bearings  and  the  shaft-support  roller  bearing  at  the  turbine  end. 

(U)  An  integral  system  consisting  of  a  pneumatic  cylinder,  a 

loading  ring,  and  two  "slave"  roller  bearings  provided  radial  loading  of  the 
shaft  system  as  required  to  prevent  skidding  of  the  bearings. 

(U)  Power  was  supplied  to  the  shaft  by  an  electric  motor  gear 

drive  for  the  concept-screening  tests  in  water  at  speeds  up  to  30,000  rpm. 

For  the  propellant  tests,  a  single-stage  partial-admission  impulse  drive 
turbine  was  attached  directly  to  the  shaft  as  shown.  Ambient-temperature 
nitrogen  gas  flowing  through  two  sonic  nozzles  provided  energy  to  the  turbine 
rotor.  The  test  fluid  and  the  oil  lubricating  the  power  transmission  were 
kept  separate  by  a  combined  purge  and  drain  labyrinth  shaft-seal  system. 

(U)  The  test  head  consisted  of  a  housing,  mounting  flanges  for 

the  test  wear  ring  seals,  and  an  end  cover  plate.  Two  test  seals  were 
installed  back-ro-back.  This  configuration  provided  an  axial  thrust  balance 
and  allowed  obtaining  a  maximum  of  data  in  each  test .  Two  opposed  actuation 
cylinders  provided  the  means  of  misaligning  and  aligning  the  entire  test 
head,  by  which  the  test  wear-ring  seals  were  displaced  with  respect  to  the 
rotating  disk,  thereby  introducing  potential  interference  and  high-speed 
nibbing. 


5.  Test  Setup  and  Procedure 

(U)  Figure  IV-63  shows  a  typical  test-seal  arrangement  and 

identifies  the  test  parameters.  The  inlet  flow,  Q  ,  of  high-pressure  fluid 
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is  supplied  through  a  filter  to  the  test  head,  where  the  fulid  is  divided 
between  the  outboard  seal,  Q^,  and  the  inboard  seal,  Q^.  The  inflow,  Q^,  and 
the  outboard  seal  outflow,  Q^,  were  measured  directly.  The  inboard  seal 
flow,  Q^,  is  simply  -  Q3.  A  small  portion  of  the  inboard  seal  flow  was 
utilized  to  lubricate  and  to  cool  the  test-cavity  roller  bearing.  The  main 
inboard-seal  outflow  was  monitored  and  designated  Q^,  and  the  bearing  flow  at 
this  location  was  Q^-Q^-Qg-  in^et  pressure,  P^,  and  the  outlet  pressures, 

P^  and  P^,  were  monitored  so  that  the  pressure  drops  across  the  seals  were 
known.  In  addition,  temperature  rises  of  the  fluid  across  the  seals  were 
measured. 

(U)  The  normal  test  procedure  was  to  pressurize  the  cavity  between 

the  two  seals  (refer  to  Figure  IV-63)  prior  to  rotation.  After  assurance  that 
upstream  and  downstream  seal  parameters  were  acceptable,  rotation  was  initiated. 
At  the  planned  test  speed,  the  nonrotating  portion  of  the  seal  was  displaced 
towards  the  rotating  disc  by  actuation  of  the  misalignment  piston  (refer  to 
Figure  IV-62).  After  the  seal  was  realigned,  shutdown  was  initiated  by 
simultaneously  terminating  the  power  for  rotation  and  closing  the  test-fluid 
supply  valve.  The  decay  rates  of  the  test-fluid  and  turbine-gas  pressures 
were  such  that  rotation  ceased  before  the  test  seals  were  completely 
depressurized.  Data  were  recorded  during  the  entire  test  period. 

6.  Test  Results 

(U)  Preliminary  screening  of  wear-ring  concepts  was  conducted  in 

water.  Both  rotating  and  rubbing  tests  (at  30,000  rpm  and  2000  to  2500  psi 
pressure  differential)  and  nonrotating  tests  (at  1+000  psi  pressure  differential) 
were  conducted.  Or.  the  basis  of  these  tests,  three  concepts  (hydrostatic  face 
seal),  pressure-relieved  straight  labyrinth  insert,  and  dovetail-retained 
labyrinth  insert)  were  selected  for  testing  in  propellant  at  simulated 
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turbopump  operating  conditions.  Results  of  the  water  anc?  propellant  testing 
are  discussed  in  the  following  paragraphs. 

a.  Straight  Labyrinth 

(U)  The  primary  concern  of  the  straight-labyrinth  test  was 

to  find  an  insert  material  of  sufficient  strength  and/or  a  retention 
mechanism  to  prevent  material  "cold  flow"  or  pressure  extrusion  at  high 
pressures.  Only  the  dovetail  seal  configuration  (see  Figure  IV-59)  of 
Vespel  SP-21  was  successful  at  a  pressure  differential  of  4000  psi.  This 
material  and  configuration  were  successfully  tested,  including  rubbing  without 
burning  or  explosion  at  40,000  rpm,  in  NgO^  at  40?0  psi  pressure  differential. 
Test  data  and  a  post-test  photograph  are  shown  in  Figure  IV-64.  A  few 
materials  and  configurations  that  were  successful  in  the  screening  tests  in 
water  at  pressure  differentials  of  about  2500  psi  failed  at  higher  pressure 
differentials  in  NgQ^.  Two  materials,  Kynar  and  Kel-F,  fabricated  in  the 
pressure-relieved  configuration  (see  Figure  IV-59)  were  successfully  tested, 
including  rubbing  without  detonation  in  AeroZINE  50,  at  2260  psi  pressure 
differential.  Test  data  and  posttest  photographs  are  shown  in  Figure  IV-65. 

(U)  In  Figure  IV-66,  water,  NgO^,  and  AeroZINE  50  flow  data 

are  plotted  as  functions  of  pressure  differential  for  several  labyrinth  con¬ 
figurations.  Using  the  flow  equations  from  G.  Vermes’  paper  (Reference  14)  a 
discharge  coefficient  was  calculated  for  each  configuration.  This  value  is 
tabulated  with  the  labyrinth  geometry  on  Figure  IV-66.  The  curves  are  calcu¬ 
lated  flows  using  the  value  that  best  fits  the  test  data. 

(U)  These  values  are  not  necessarily  exact,  since  there 

is  no  way  of  knowing  exactly  what  clearance  changes  occurred  after  the  parts 
were  installed  and  pressurised.  The  test  data  values  provided  a  means  of 
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estimating  these  changes.  To  establish  a  base  of  comparison,  by  eliminating 
this  clearance  variable  due  to  pressure,  metal  parts  were  used  for  two  tests 
in  water  (Curves  A  and  E).  In  all  other  tests  plotted,  plastic  inserts  were 
used.  The  two  all-metal  labyrinths  were  identical  except  for  clearance 
and  had,  for  all  practical  purposes,  the  same  discharge  coefficient,  =  0.85. 

(U)  For  the  labyrinth  configurations  incorporating  plastic 

rubbing  inserts,  the  values  were  calculated  to  match  the  test  data  assuming 
a  constant  clearance.  The  pressure  differential  where  the  calculated  began 
to  decrease  from  a  reasonable  mean  value  was  assumed  to  be  where  the  plastic 
began  to  cold-flow  and  close  off  the  clearance.  The  flow  curves  of  Figure 
IV-66  were  calculated  using  the  average  value  of  before  this  point  was 
reached . 

(U)  Deviation  of  the  test  data  from  these  curves  was  then 

assumed  to  be  mainly  the  result  of  pres sure- caused  clearance  changes. 
Temperature  rise  most  certainly  had  some  effect,  but,  considering  other 
unknowns ,  it  was  considered  futile  to  attempt  to  include  these  effects  in  the 
analysis. 

(U)  As  can  be  seen  from  Figure  IV-66,  the  dovetail 

insert  of  Vespel  SP-21  (Curve  F)  was  the  best  design  as  regards  cold  flow 
versus  pressure  differential.  The  NgO^  flow  deviation  shown  (noted  as 
point  U)  represents  a  clearance  change  of  only  about  0.0001+  in.  during  about 
a  15-sec  period  (calculated  using  the  tabulated  and  the  test  data).  This 
8J6  change,  although  considered  small  and  acceptable,  still  represented  about 
ll+>  (9  gpm)  change  in  flow  at  this  close  clearance.  The  important  thing  is 
that  the  material  had  stabilized  and  no  further  change  was  noted  with  respect 
to  time  prior  to  rotation.  The.  still  lower  data  point  represents  the  test 
flow  at  U0,000  rpm.  From  analysis,  it  was  expected  that  centrifugal  growth 
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of  the  labyrinth  rotating  teeth  would  he  about  0.001  in.  at  this  speed.  As 
can  be  seen,  this  clearance  change  caused  an  additional  flow  decrease,  which 
resulted  in  an  operating  flow  of  about  Ho  gpm. 

(U)  On  the  other  extreme,  the  dovetail  insert  of  Teflon 

filled  with  glass  and  ceramic  (Curve  B)  was  reasonably  stable  to  about  3000  psi, 
where  it  began  to  lose  clearance  rapidly  (from  Point  1  to  Point  2  represents 
2.7  sec),  and  from  post-test  inspection  was  found  to  have  contacted  the 
labyrinth  teeth  even  with  no  rotation. 

(U)  The  clearance  changes  experienced  with  the  pressure-, 

relieved  inserts 'of  Kynar  (Curve  G)  and  Kel-F  (Curve  I)  during  the  AeroZINE  50 
were  acceptable ‘for 'the  lower  pressure-differential  (2000  psi)  requirement  of 

the  fuel-pump  application. 

"  >  *  *  , 

(U)  During  ‘the  rubbing  tests  that  were  considered  successful 

(i.e.,  the  insert  was  retained,  and  pressure-caused  clearance  change  was' 
acceptable  and  stable),  the,  flow  increased  during  the  insert  displacement  and 
returned  to  essentially  the  original  value  upon  realignment. 

(U)  A  total  of,  Hi  tests  were  conducted  on  straight 

labyrinths,  of  which  30  were;  In  Water,  5  were  in  NgO^,  and  ^  were  I*1 
AeroZINE  50.  ’V  \  '  V*  1 


b.  Stepped  Labyrinth 


(U) 


Thd' steppe d!iabyri nth  was  tested  i,n  water. only.  T)ie  ■ 

•  \ -_’r O' -  1  .  .  •  V.  , 


labyrinth  parts,  were  made.  steel labyrinth  configuration  is. 'shown  ahd  . ' 
test  data  are  tabulated,' 'Better.  Cbtrelation  .estimated  flows 

existed  for  the  smallet- rdd||3)  (0.0id$5  in.)  than  for  t tie  lirger 

,  '\  '.  '  ' 

■  tW  ‘  -  . 

'  »  <■  V*;-  '.V  *  .'»*  * 

‘fk*?, ,  4* '  ■  . 

-  ■'V- H 

,  fcv  ,  1  4  .  •  ^  J i  -  ■ 
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(0.0097  in.):  35.3  gpm  estimated  versus  35.8  gpm  actual  and  61.7  gpm  established 

versus  53.8  gpm  actual,  respectively.  For  the  stepped  labyrinth  flow  calcula¬ 
tion,  it  was  assumed  that  the  labyrinth  step;  prevent  any  carry-over  of 
velocity  from  one  tooth  to  the  other.  As  expected,  speed  -had  no  noticeable 
effect  upon  flow  at  these  relatively  large  clearances. 


c..  Hydrostatic  Face  Seal 


(U)  The  hydrostatic  face  seal  performed  very  well  during  the 

screeping-test  series  in  water.  When  it  was  tested  in  N^O^  under  extreme 
operating,  conditions,  no  seal  problems  were  encountered  and  the  seal  performed 
excellently. 


(U)  Transient  rubbing  of  the  seal  was  demonstrated  in  the 

water  and  test  series,.  No  measurable  wear  was  noted  after  four  rubbing 

start-and-stop-transient’  tests  in  water.  In  these  tests,  the  seal  was  flooded 
with  water  at  atmospheric  pressure  and  rotation  was  started.  At  about  5000  rpm, 
the  water  pressure  was  increased  to  cause  the  seal  to  lift  off  as  it  would  in 
the  turbopump;  approximately  50  rubbing  revolutions  were  experienced  per 
transient.  During  the  N^O^  series,  the  seal  was  subjected  to  a  6-sec  dry 
rubbing  test.  A  maximum  speed  of  15,000  rpm' was  Reached,  This  is  a  surface'  ’ 

,  speed  of.  250  ft/sec.  No  appreciable  wear  occurred  (as  oan  be  seen  in' the 
post-test  photograph  in  Figure  iy-6^)>  and  testing  continued  on  the  same’  .  X''l 
hardware.  Test  results  before  arid  after  the  dry  rubbing  test  were  repeatable.-  ; 

•>  •.  V  _  '  ,  IvviV 

(w  ''  ,  ;‘^f#lie  flow  past  the  seal  was  repeatable  from  test  t°  test.,, 

Figure  IV-68  is ,  a 1  ploi^  of  actual  tijpt  data-  showing*, the  correlation  to  the’,  ■•'*,  ‘-'t.'V' 

V  *  1  •  *  V ,  1 1  i  ,  ^  .  *  ,7  *  •  t  .  \  j  *  t  •  •  >  *1  v  „  ,**,*.,  ,  ,  •'  *  '  *’  \ 

estimated  flow  .fen*  l 


the  predictions  are  well;: vitbin 
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•  • 

The  solid  and  dashed  curves  are  predict ed/flows  as  a  function  of  pressure 


differential.  The  difference  between  the  t|ro  water-flow  estimates  is  that 

the  lower  curve  includes  pressure-distortion^  effects  while  the  upper  curve 

*'  '  „ 

does  not.  The  distortion  corrections  were  obtained  from  analysis  of  the 
’’  flow  after  the  angular  rotation  of  the  seal  caused  by  the  pressure  moments 
was  considered.  This  was  correlated  with  data  from  strain  gages  on  the 
seals  during  the  tests.  From  the  water  data,  one  might  conclude  that  the 
actual  distortions  were  less  than  those  measured  or  analyzed.  However, 
neither  of  these  estimated  flow  curves  includes  temperature-distortion  effects 

due  to  fluid- throttling.  Temperatufe  increase;  the  seal  face  should  tend 

•,  •  i  ’i .  if  , 

..  to  rotate  the  outer  sealing  land  away  from  the'  rotating  wear  ring,  resulting  .  .  ... 

'''  In  ■&  converging  flow  path  and  thus  a%arger  clearance  and  a  higher  flow.  This  -■.•  ?' 

.  effect  could  well  compensate  for  the  pressure-distortion  effects,  and.  result  '  '  / 

'in  closer  .'correlation  df  data. 

,  I  *  ' 

(U)  The  correlation  of  the  actual  test  data  with  the  estimated  ■ 

flow  curve  (see  Figure  IV-68)  was  very  satisfactory.  The  estimated, 
flow  curve  approximately  the  same  as  an  average  flow  curve  drawn  through  ..  . 

’  the  test  data.-  This  estimated  flow  curve  included  pressure-distQrtion.effe.ct8 .  ;  • 
but  not  temp^fature-d’istorti'dn ;e  f f@bt  £•- -»■<«? i* S 


(u) 

'  rpbr'ti<$tt' 
with  no- 


./During  the  besting  with.-water  and  H-O.  y  the  'ttpnrotating'  ■ 


./“w<pe?»XtVd  in^'i^gfidand^pmi.d. axial  . 


4 


PHts /movement  with  no  problems, 
rig/cohtihued  on  the- same  hardware. 
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(U)  A  total  of  lU  tests  were  conducted  on  the  hydrostatic 

face  seal  shown  in  Figure  IV— 61+ ;  of  these,  9  were  in  water  and  5  were  in  -  „ 

VV 

d.  Hydrostatic  Journal  Seal 

(U)  The  hydrostatic  journal  seal  was  tested  in  water  only.  “  j./ 

Even  though  the  seal  performed  excellently,  it  was  not  further  considered  for 
the  oxidizer-pump  application  and  therefore  not  evaluated  in  N?0^.  It  was’’" 
eliminated  because  the  test , program  had  funds  sufficient  to  test  only  two 
concepts.  Also,  there  was  some  question  as  to' whether  the  desired  radial 
fit  between  the.. wear  ring 

^"-•'^^'thiS'deeisioh.”  Further  analysis  and  results  of  the  water,  testing  showed  that  *'- r 
,  .  thjeraefil  oan-be  designed  to  he.? pressure ■- sensitive  savhhat,  even." with. ~ 

relatively  large  initial  clearance,  a. .small  operating 
■  This  feature  is  discussed  in  dtet ail  below,  /■  /  .  v .  .. 

■  1 '  .  *  ■  ■ u”!,’  i »>«'■' » '■  '  '  - 

•  .  .  ’  .  ,*«  ->  i  .  '  A  V'  A i  *&  n  fcfv  r  *  ' 

i  •  \  '  .*  <  *■»  1  -  -  1  .  ,  m.  *  jet  r  •  <  i,  |  *  ««*  *•  -  ■  %i  ,  4  • 

Jv  ■  ftJ/  ■  .  Fo  •  seal .  problems  yer«  encountered  during  the  water 

..  testing.  Transient  rubhtng 'and:^aady^statis.'-tes.ts  demonstrated 'seal  * 


■  ..v.  ;;:per.foip^Qe;,*Gd,.K?piStttab:i^i'ty‘,afc'-'pressure'''differentials  up  to  2500  psi.  In 

tests,  the  seal  was  flooded  .with  water  at  atmospheric  pressure 

'  ’  ‘  '  V  "■ 1  '*  V*‘  '  1  '  *■  *  ■  , 

,  a?ted .  At  about  5000  rpm,  the  water  pressure  was  increased 

'the .  s;eal  to  lift  off  as  it  would  in  a  pump;  approximately  50  rubbing 
■?*/$ //„^.-pey°lUt ions  were  experienced  per  transient.  No  measurable  wear  was  noted' after 

, o*  '  rubbing  start-and-stop  transients,  as  can  be  seen  in  Figure  IV-69.  Water  test 

•{ 

i  '  data  is  also  summarized  in  this  Figure.  A  total  of  10  tests  including  4 

!  rubbing  transients  were  conducted  on  this  seal. 

j 

1 

(U)  The  flow  past  the  seal  was  repeatable  from  cest  to  test. 

Figure  IV-70  shows  the  correlation  of  the  flow  data  with  estimated  flows  for 
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-  -  -  _  J'  •’ 

the  test  seal.  The  test  data- are  very  close  to  the  estimated- -data.-  -'The  solid'-1-'-4" 

<T,  1  «  >  .  =>  >  .  '*■  ~  '  '* 

i .^ttSt£"b^lW  the  data,  -  includes  pressure-distortion  effects  but  not  - 
sfeaog^erture-distortion  effects,  while  the  dashed  curve  just,  above  the- -dafest 
includes  distortion  effects-  due  to  both  pressure  and  temperature-. '  ‘The  other 
thiree  curve's-  are  shown- to' illustrate  a  Very 


*-  ..  v  varJ 


--TT.  *'  'V.?  -v 

The  seal  is  radially  flexible;  that  is,  as  the  upstream  or  external  pressure 
on,  the' seal  is  increased,  the  seal  distorts  radially  inward,  'resulting. in  a  - 
'decrease  in  clearance  and  in  a  higher  stiffnesS*VaiueV  ’  This  results  in  lower 
'--leakage  and  higher- restoring  forces  for, wear- ring  radiai  displacements.  This 
feature  tends  to  be  self-compensating,  since  as  the  clearance  closes  the  pocket 
'pressure  increases  toward  its  supply,  which  is  the  external  pressure,  thus 

,  ,\w  '  - 

•jdgcre.asing  the  radial  pressure  differential.  As  .can  be  seen  from  the  seal 
w<3&t&'  of  Figure, IV-70,  the  result  was  a  flat  flow  curve  or  a  nearly  constant  flow 
over  a  wide  range  of  pressure  differentials.  The  three  additional  curves  show 
how  the  flow  would  vary  with  pressure  differential  for  rigid  seals  (essentially 
hydrostatic  Journal  bearings)  for  radial  clearances  of  0.0008,  O.OOlU,  and 
0.0025  in.  The  significance  of  the  latter  two  curves  is  that  the  test  seal 
had  an  initial  radial  clearance  of  0.0024  in.  and  was  analyzed  to  result  in 
a  running  clearance  of  O.OOll*  in.  at  a  2500-psi  pressure  differential  and 
30,000  rpm.  The  significance  of  the  0.0008- in. -clearance  curve  is  that, 
with  design  optimizing  of  the  seal  cross-section,  it  is  expected  that  the  seal 
flexibility  could  be  increased,  thereby  resulting  in  a  running  clearance  and 
thus  a  leakage  flow  comparable  to  those  of  a  rigid  seal  with  only  0.0008  in. 
clearance  from  an  initial  clearance  of  about  0.0025  in.  In  addition,  because 
the  seal  is  floating  and  is  flexible,  its  ability  to  follow  radial  movements 
of  the  running  ring  without  contact  is  excellent. 

(U)  Also,  since  a  close  running  clearance  could  be  achieved 

even  with  relatively  large  buildup  clearances ,  the  rad 5  ally  flexible  hydro¬ 
static  Journal  seal  would  lend  itself  to  volume  production  without  costly  tight- 
tolerance  requirements.  This  is  particularly  important  in  commercial  pumps. 
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a^!sf"''’--X'  *  ‘  "(1)  The  hydrostatic  face  seal  and  the  straight  labyrinth 

with  V^pel  SP-21  inserts  limited  flow  through  the  wear  ring  to  very  low 

•  5. '  „ 

■Values  at  the  required  UOOO-psi  pressure  differential.  Both  withstood  inten¬ 
tional  attempts  at  rubbing  at  1+0,000  rpm  without  causing  fire  or  explosion 
and  were  in  reusable  condition. 

(U)  (2)  A  number  of  the  other  plastic  inserts  for 

labyrinths  passed  water  tests  but  failed  at  the  1+000-psi  pressure  differentials 
in  N20h. 

(U)  (3)  The  hydrostatic  journal  seal  passed  the  water 

tests  and  shows  considerable  promise  for  these  applications.  It  was 
eliminated  because  the  test  program  had  funds  sufficient  to  test  only  two 
concepts.  One  of  the  concepts  was  the  very  successful  hydrostatic  face  seal 
and  the  other  was  the  straight  labyrinth  with  inert  inserts.  The  inert- 
insert  concept  had  to  pass  rubbing  tests  in  for  other  labyrinths  in  the 

turbopump  shaft  system. 

(U)  (*0  The  stepped  labyrinth  with  inert  inserts  does 

not  appear  to  be  practical  for  application  to  the  oxidizer-pump  wear  ring. 

b.  Fuel-Pump  Wear  Rings 


(U)  The  fuel  pump  is  designed  integrally  with  the  thrust 

balancer  in  a  manner  which  requires  a  straight  labyrinth  seal  at  the  outside 
diameter  of  the  fuel-pump  impeller.  The  optimum  design  of  this  labyrinth 
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seal  requires  operation  at  a  clearance  of  0.007  in.  Two  inert,  inserts  of 
(Kynar  and  Kel-P)  were  satisfactorily  designed  and  tested  under  simulated 
conditions.  This  included  repeatable  flow  rate  bef'oxe  and  after  rubbing  at 
high  speed  and  pressure  differentials  of  2250  psi.  Kynar  was  selected  for 
the  fuel-pump  application  on  the  basis  of  its  slightly  >'-'tcer  properties 
after  exposures  to  AeroZINE  50  in  laboratory  tests. 

8.  Application  to  Turbopump 

(U)  On  the  basis  of  this  program  and  analysis  of  the  turbopump 

requirements,  hydrostatic  face  seals  were  selected  for  the  oxidizer-pump  wear 
ring  and  straight  labyrinths  with  pressure  relieved  Kynar  inserts  were  selected 
for  the  fuel-pump  wear  ring.  These  designs  are  shown  for  the  advanced  turbo¬ 
pump  in  Figure  IV- 1  and  the  backup  turbopump  in  Figure  IV-33. 

(U)  The  hydrostatic  face  seal  as  shown  in  the  advanced  turbopump 

layout  has  a  50$  smaller  cross  section  than  the  seal  tested  so  that  it  will 
fit  the  space  limitations  better.  The  smaller  seal  can  also  tolerate  larger 
impeller  distortions  which  cause  nonparallelism  of  the  sealing  surfaces. 

Figure  IV-71  shows  how  this  nonparallelism  affects  the  performance  of  the 
tested  seal  (0. 300-in.  face  width)  and  the  half-size  seal  (0.150-in.  face 
width);  both  seals  were  analyzed  with  the  same  balance  diameter  of  3.50*+  in. 
and  for  the  same  operating  clearance  of  0.001  in.  From  this  figure,  it  can 
be  seen  that,  for  increasing  a  (divergence  of  the  flow  path)  the  minimum  running 
clearance,  t.,  decreases  until  the  faces  contact  at  the  outside  diameter  of 

i 

the  seal;  the  point  of  contact  (or  close  to  it)  may  be  considered  an  upper 
limit  on  a  for  seal  operation.  It  is  thus  seen  that,  for  good  seal  performance, 
limits  exist  for  the  acceptable  angular  distortions,  and,  by  decreasing  the 
seal-face  width,  the  amount  of  distortion  that  can  be  tolerated  is  increased. 

The  angular  distortions  of  the  oxidizer  impeller  were  analyzed  to  be  within 
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the  range  of  *  0.0017  to  -  0.0021  radians.  The  main  disadvantage  of  e.  n  .rower 
seal  is  an  increase  in  flow  from  19  to  28  gpm  at  a  UOGO-psi  pressure  differen¬ 
tial.  However,  for  the  application,  this  increase  in  flow  is  relatively  small 
and  can  he  accepted.  An  apparent  disadvantage  is  that  the  seal  stiffness  is 
decreased  by  roughly  50?.  Further  testing  of  a  half-size  seal  is  recommended. 

(U)  The  straight  labyrinth  with  pressure-relieved  Kynar  inserts, 

selected  for  the  fuel  pump  cf  the  T-engine  turbopump ,  is  designed  to  operate  at 
a  radial  clearance  of  0.007  in.  and  has  the  following  labyrinth  geometry  per 
side. 


Kumber  cf  teetn,  N  7 

Pitch,  P,  in.  0  968 

Axial  length,  W,  in.  0.408 

Tooth  width,  L,  in.  0.0075 

Diameter,  D,  in.  h.700 


(U)  For  application  in  a  restartable  engine,  some  further  improve¬ 

ment  of  the  insert's  ability  to  resist  softening  and  extrusion  is  warranted. 

The  cross  section  and  thickness  of  the  Kynar  ring  could  be  reduced  by  adding 
an  internal  (molded  in  place),  perforated  metal  ring.  Hardware  of  this  design 
was  purchased  but  received  too  late  to  test.  It  is  recommended  that  this 
design  be  tested  along  with  soft  5.0.  aluminum  rings.  The  sr  aluminum 
should  be  safe  in  AeroZIRE  50  at  the  0.007-in.  clearance  and  may  be  more 
reliable  with  respect  to  deterioration  from  repeated  exposures  to  propellant. 
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I.  COMBUSTION  SEAL 

1.  General 

a-  Background 

(C)  *Hie  ARES  "T"  engine  requires  a  rotating  shaft  seal 

between  the  fuel  pump  and  the  3000  psi,  1100°F  oxidizer-rich  turbine  exhaust 
gas,  as  shown  in  Figure  TV-1.  At  the  operating  speed  of  h0,000  rpm,  the  seal 
surface  velocity  is  over  600  ft/sec,  which,  at  the  design  temper?.tures  and 
pressures,  is  considered  excessive  for  rubbing  contact  seals.  A  hydrostatic 
seal  was  therefore  designed  for  the  TPA.  The  hydrostatic  seal  (Figure  IV-72) 
operates  with  a  thin  film  of  fuel  separating  the  nonrotating  seal  face  from  the 
rotating  face.  Part  of  the  fuel  flows  inward  to  the  shaft,  where  it  is 
returned  to  pump  suction.  The  outward  flow  of  fuel  enters  the  oxidizer -rich 
turbine  exhaust  gas,  where  it  is  consumed,  eliminating  the  need  for  external 
vents  or  purges.  The  rotating  shaft  is  cooled  and  combustion  is  controlled 
by  streams  of  oxidizer  flowing  through  holes  around  the  shaft  periphery,  just 
upstream  of  the  seal  face.  Oxidizer  also  flows  through  an  annular  slot  down¬ 
stream  of  the  seal  face,  and  serves  to  control  combustion  and  protect  the  seal, 
bellows,  and  external  surfaces  from  the  combustion  temperatures. 

(U)  The  hydrostatic  combustion  seal  was  designed  and  its 

feasibility  of  operation  is  an  inert  environment  established  on  the  Hydro¬ 
static  Combustion  Seal  Feasibility  Demonstration  Program  under  Contract 
AF  0U(6ll)-10781j .  Details  of  this  program  are  presented  in  the  final  report, 
AFRPL-TR-66-79 . 

(U)  Major  work  completed  on  contract  AF  0it(6ll)-1078l4  included 

the  following: 

(l)  Design  of  a  hydrostatic  combustion  seal. 
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(2)  Design  and  fabrication  of  testers  and  test  hardware 
for  use  in  water  tests  (Hydrolab). 

(3)  Design  of  a  preburner,  burnoff  stack,  and  other 
hardware  for  hot  testing. 

(h)  Hydrolab  seal  tests  under  reduced  pressures  and  at 
speeds  up  to  30,000  rpm.  These  tests  demonstrated  that  closer  operating 
clearances  were  more  feasible  than  originally  expected. 

(5)  Combustion  tests,  at  reduced  pressure,  of  a  small 
segment  of  the  seal  (2D  tests). 


b.  Objectives 


(C)  The  Phase  I  portion  of  the  ARDS  program  required  a 

6g  -sec  demonstration  of  a  hydrostatic  combustion  seal  or  a  purge  seal  while 
operating  under  conditions  simulating  those  expected  in  the  ARES  engine. 


(C) 


The  test  condition  goals  were  as  follows: 


Operating  pressure 
Pressurizing  time 
Acceleration  time 
Duration 


3100  +  600  psi 
0.75  to  1.25  sec 
1.0  to  1.5  sec 
60  sec  including 


Gas  temperature 
Speed 

Gas  velocity 
50  sec  at  1*0,000  rpm 


1100  +  50°F 
1*0,000  rpm 
200  to  250  fps 
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IV,  I,  Combustion  Seal  (cont.) 

4 

4' 

.e .  Technical  Approach 

*  (l)  Design  Refinements 

(U)  To  meet  the  program  objective,  refinements  were 

made  to  the  seal  and  associated  hardware.  The  design  changes  evolved  during 
the  testing,  and  consisted  of  the  following: 

(a)  Reduction  of  exposed  peripheral  area  of  the 
rotating  ring  to  minimize  thermal  distortion. 


1  (b)  Replacement  of  the  single-ply  bellows  with  a 

!  two-ply  bellows,  to  increase  reliability. 

i 

! 

(c)  Relocation  of  the  bellows  attachment  point  and 
weld  modification,  to  reduce  susceptibility  to  failure  from  external  pressure. 

(d)  Redesign  of  the  burnoff  area  shield. 


of  the  seal. 


(e)  Increased  oxidizer  flow  upstream  and  downstream 


(2)  Testing 

(U)  The  following  series  of  tests  were  conducted  to 

attain  the  program  objectives 

(a)  Additional  2D  tests,  in  which  combustion  was 
further  examined  with  the  modified  cross-section  of  the  seal  developed  on 
Air  Force  Contract  AF  0U(6ll)-10T8U,  but  with  a  clearance  of  0.001  in.  rather 
than  0.002  in. 
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(b)  Cold  rotating  tests  to  1*0,000  rpm,  wherein  the 
seal-fuel  flows  and  the  tester  operating  characteristics  were  evaluated  while 
using  fuel,  but  without  combustion. 

(c)  Hot  rotating  combustion  tests,  in  which  the 
combustion-seal  objective  was  to  be  reached. 

2.  Design 

(C)  The  hydrostatic  combustion  seal  is  a  radial  face  type  seal 

which  has  six  pockets  supplied  with  fuel  from  a  high-pressure  source  to  maintain 
a  fluid  film  between  the  stationary  and  rotating  faces.  The  stationary  face 
pressure  areas  are  balanced  so  that  external  pressure  tends  to  reduce  the 
operating  clearance.  The  fuel  flows  from  the  seal  pockets  radially  inward  to 
the  bearing  cavity  and  outward  to  combustion;  the  flow  rate  being  jointly 
controlled  by  an  orifice  in  each  pocket  supply  passage  and  by  the  seal  clearance 
gap.  The  fluid  film  thickness  is  maintained  regardless  of  axial  shaft  movement 
and/or  running  ring  wobble  due  to  the  relationship  of  seal  pocket  pressure  to 
clearance  (i.e.,  decreasing  clearance  increases  pocket  pressure  which 
re-establishes  design  clearance,  and  vice-versa). 

(C)  To  allow  axial  motion  of  the  nonrotating  face,  the  hydro¬ 

static  combustion  seal  requires  two  secondary  seals  for  the  2600-psi  pressure 
differential.  One  of  these  seals  must  maintain  absolutely  zero  leakage 
because  it  seals  fuel  from  the  oxidizer.  A  single-convolution  metal  bellows 
was  selected  for  the  zero  leakage  secondary  seal,  and  a  metal  piston  ring  is 
the  other  seal.  The  bellows  is  fabricated  from  two  plies  of  0.006-in. 

Inconel  718,  and  is  formed  into  the  shape  of  a  torus  of  circular  cross-section. 

A  configuration  of  the  bellows-to-end-piece  welds  was  designed  to  minimize 
the  stress  in  the  area  of  welds.  It  has  been  determined  through  analysis  that 
a  two-ply  bellows  is  superior  to  a  single-ply  bellows  from  the  standpoint  of 
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resistance  to  failure  from  both  high  internal  pressure  and  from  pressure 
differential  reversal  (which  may  occur  during  tester  system  transients).  The 
modified  Goodman  diagram  shown  in  Figure  IV-73  illustrates  the  relationship 
between  pressure  stresses  and  fatigue  life  of  the  bellows.  Point  A  on 
Figure  IV-73  indicates  the  conditions  associated  with  the  bellows  in  the  hot 
rotating  Test  11,  where  the  single-ply  bellows  failed.  From  this,  it  appears 
that  the  cyclic  flexure  resulting  from  the  high  unbalance  vibration  was  in 
excess  of  0.001  in.  Point  B  indicates  the  conditions  under  which  the  two-ply 
bellows  have  been  tested,  and  point  C  shows  the  cyclic  life  to  be  expected 
with  a  bellows  axial  compression  corresponding  to  engine  conditions.  The 
cyclic  life  of  the  bellows  in  the  AJRES  engine  would  therefore  be  expected  to 

g 

be  more  than  10  revolutions,  and  would  not  limit  the  engine  life. 

(U)  Because  of  the  close  clearance  between  rotating  and  nonrotating 

seal  faces,  it  is  important  that  distortion  of  the  seal  parts  be  minimized. 
Heat-transfer  and  stress  analyses  of  the  seal  parts  were  performed  and  the 
results  were  applied  to  the  seal  design.  Invar  (low  thermal  expansion  alloy) 
was  selected  for  the  nonrotating  seal  face  to  minimize  thermal  distortion. 

The  seal  was  also  designed  to  minimize  distortion  from  the  effect  of  pressure 
forces  on  the  seal  nonrotating  face.  One  of  the  functions  of  the  combustion 
seal  is  to  maintain  leak-tight  contact  prior  to  and  after  engine  firing.  Since 
some  rubbing  occurs  during  transients,  the  sealing  surfaces  are  flame-plated 
with  Linde  LC-1B  chromium  carbide  to  resist  degradation  of  the  surface  finish. 

(C)  The  fuel  flow  from  the  seal  is  of  primary  importance  because 

of  the  need  to  maintain  a  mixture  ratio  with  the  oxidizer  streams  that  will 
ensure  safe  operating  temperatures.  When  a  mixture  ratio  of  30  to  1+0  has 
been  used,  there  has  been  no  combustion  damage  to  downstream  hardware.  The 
stress  and  distortion  analyses  determined  that  the  minimum  allowable  running 
clearance  should  be  approximately  0.001  in.  The  fuel  flow  to  maintain  the 
required  gap  is  therefore  a  function  of  the  differential  pressure  between  the 
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seal  pockets  and  the  surrounding  oxidizer- rich  gas.  The  differential  pressure 
must  be  higher  than  any  surge  in  gas  pressure,  to  eliminate  the  possibility  of 
forcing  oxidizer  into  the  seal.  This  differential  pressure  was  set  at  500  psi, 
which  was  higher  than  any  expected  spikes  in  gas  pressure.  The  resulting  fuel 
flows  were  about  0.45  lb/sec  outward  and  1.3  lb/sec  inward.  The  optimum  fuel 
flows  will  be  established  when  the  ARES  engine  pressures  have  been  evaluated 
and  the  proper  differential  pressure  is  selected.  If  the  differential  pressure 
is  200  psi,  for  example,  outward  seal  flow  will  be  0.32  lb/sec  and  inward  flow 
will  be  0.8l  lb/sec. 

3.  Tests 


a.  Refined  Two-Dimensional  (2D)  Combustion  Tests 

(1)  Objective 

(U)  The  2D  tests  were  conducted  to  obtain  further 

information  on  flame  patterns,  oxidizer- fuel  ratios,  surface  temperatures,  and 
test  techniques,  using  comparatively  inexpensive  hardware  and  test  facilities, 
prior  to  the  rotating  tests  on  the  full-scale  seal.  The  2D  test  series  were 
an  extension  to  the  tests  conducted  under  Contract  AF  0M6ll)-10784.  However, 
the  seal  gap  was  reduced  from  0.002  to  0.001  in.  on  the  basis  of  the  successful 
demonstration  of  seal  operation  at  the  closer  clearance. 

(2)  Description  of  Hardware 

(U)  The  tester  (Figure  IV-74a)  was  designed  to  produce 

oxidizer-rich  gas  at  conditions  simulating  the  ARES  engine,  except  that 
facility  limitations  restricted  the  operating  pressure  to  1000  psi.  Combus¬ 
tion  in  the  seal  test  zone  was  observed  by  close-circuit  television  and  photo¬ 
graphed  through  a  quartz  window  in  the  side  of  the  tester. 
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(U)  The  test  segment  (Figure  IV-T^b)  duplicated  the 

cross-section  of  the  hydrostatic  combustion  seal  at  the  point  of  fuel  introduc¬ 
tion.  Temperatures  were  monitored  at  a  point  0.1  in.  below  the  surface  and 
0.1  in.  upstream  of  tie  fuel  inlet,  and  also  at  two  points  along  the  downstream 
ramp.  A  0.001-in. -thick  slot  was  formed  by  fabricating  the  seal  in  two  parts, 
using  a  0.001-in. -thick  shim  to  maintain  the  required  gap  while  the  parts  were 
gold-brazed  in  a  vacuum  furnace. 

(3)  Description  of  Tests 

(U)  The  tester  was  installed  in  accordance  with  the 

flow  diagram  shown  in  Figure  IV-7^+a.  A  total  of  11  seal-segment  tests  were 
attempted  during  eight  firings.  A  summary  of  these  tests  is  shown  in  Figure 
IV-75.  During  the  first  three  firings,  two  segments  were  tested  simulta¬ 
neously,  but,  because  of  technical  difficulties  with  the  bottom  segments,  it 
was  decided  that  more  expeditious  testing  could  be  accomplished  by  eliminating 
the  bottom  segments  in  the  later  tests.  Two  parts  were  tested  for  total  dura¬ 
tions  of  8.3  and  U0.5  sec,  respectively.  Ko  test  hardware  was  damaged.  An 
inert  purge  fluid  was  used  for  filling  the  fuel-segment  tubing  to  reduce  the 
possibility  of  interpropellant  contamination  during  startup.  A  significant 
development  during  the  last  three  tests  was  the  introduction  of  fuel  to  the 
segment  before  the  preburner  was  activated.  During  the  engine  startup  tran¬ 
sient,  fuel  at  low  pressure  may  leak  from  the  seal  prior  to  precombustor  igni¬ 
tion,  which  poses  the  possibility  of  damage  to  hardware  during  this  time.  The 
?D  test  results  indicate  that  there  will  be  no  hardware  damage  if  the  fuel  and 
^xidize^  flows  to  the  seal  precede  combustor  ignition. 

(U)  During  2D  testing,  the  flow  of  fuel  to  the  test 

segment  was  to  be  representative  of  prototype  seal  flow  rate.  This  resulted 
in  a  lower  fuel  flow  rate  through  a  smaller  slot  than  had  been  accomplished 
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during  the  2D  tests  on  Contract  AF  04(6ll) -10784.  Examination  of  test  data 
revealed  that  the  seal-segment  fuel-circuit  pressure  drop  increased  markedly 
within  about  1.5  sec  after  stable  preburner  combustion  had  been  attained, 
reducing  fuel  flow  to  about  one-third  of  the  nominal  value.  The  added  restric¬ 
tion  was  not  permanent,  and  occurred  only  during  preburner  operation.  An 
examinacion  of  possible  causes  led  to  Lhe  conclusion  that  this  flow  restriction 
had  been  caused  by  surface  thermal  expansion.  This  condition  will  not  be 
significant  on  the  hydrostatic  seal  since  this  seal  can  automatically  adjust 
its  average  clearance. 

(U)  Temperatures  at  0.1  in.  below  the  surface  of  the 

upstream  half  of  the  segment  rose  steadily  during  all  tests,  but  surface 
temperatures  along  the  downstream  ramp  were  less  than  200°F,  as  can  be  seen 
from  the  data  from  test  030,  Figure  IV-76. 

(M  Conclusions  from  2D  Testing 

(C)  The  2D  test  program  led  to  the  following  observa¬ 

tions  : 


to  be  acceptable. 


(a)  Mixture  ratios  in  the  range  of  10  to  20:1  appear 


(b)  An  average  axial  seal  operating  clearance  of 
about  0.001  in.  appears  to  be  practical.  If  the  initial  seal  operating  clear¬ 
ance  is  reduced  to  lesser  values,  the  seal  distortion  due  to  temperature  of  the 
rotating  portion  may  cause  rubbing.  If  the  initial  seal  clearance  is  increased 
to  more  than  0.0015  in.,  the  fuel  flow  rate  will  be  excessive. 

(c)  The  original  rotating  ring  design  exposed  too 
much  surface  to  the  hot  gases,  and  thermal  expansion  would  distort  the  seal. 
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The  rotating  ring  was  therefore  redesigned  to  provide  a  minimum  of  exposed 
area,  and  the  upstream  oxidizer  flow  was  increased  to  cool  the  perimeter  of 
the  ring. 


b.  Cold  Rotating  Tests  ir,  AeroZINE  50 

(U)  Before  attempting  the  hot  rotating  tests,  12  tests  were 

conducted  without  combustion  to  accumulate  tester  and  seal  performance  and 
test  sequence  data  without  the  hazards  of  combustion.  Instead  of  combustion, 
nitrogen  gas  was  used  to  pressurize  the  tester. 

(l)  The  objectives  of  these  tests  were: 

(a)  Determination  of  fuel  fill  time  at  60  psi . 

(b)  Determination  of  the  drive-turbine  gas  pressure 
and  flow  necessary  to  rotate  the  tester  at  1+0,000  rpm. 

(c)  Tester  component  evaluation. 

(d)  Determination  of  tester  acceleration  and 

deceleration  rates . 


(e)  Determination  of  fuel  flow  from  the  seal  at 
operating  speed  for  two  axial  clearances  and  two  seal-to-gas  operating 
pressure  differentials. 


(f)  Test  installation  checkout  and  evaluation. 
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(2)  Description  of  Hardware 

(U)  The  tester  shown  in  Figure  IV-77  was  used  for  the 

cold  test  series,  except  that  the  internal  shielding  and  the  velocity-control 
equipment  were  removed  for  the  cold  tests.  The  tester  is  described  in 
Paragraph  I,3,c,(3). 

(U)  The  test  seal  was  a  prototype  combustion  seal,  with 

a  single-ply  bellows.  The  rotating  face  was  a  simple  disc  with  no  provision 

for  upstream  oxidizer.  No  burnoff  shield  was  installed. 

(3)  Description  of  Tests 

(U)  For  the  cold  rotating  tests,  the  seal  test  chamber 

was  pressurized  with  gaseous  nitrogen  and  fuel  supply  pressure  was  computer- 
controlled  to  increase  as  the  seal  test  chamber  pressure  increased.  Data  from 
the  cold  rotating  tests  are  listed  in  Figure  IV-78.  Considerable  difficulty 
was  experienced  in  obtaining  a  workable  test  sequence  which  adequately  repre¬ 
sented  the  ARES  engine.  A  reliable  test  system  was  developed  in  six  tests. 

(U)  Tests  7  tnroug.  10B  were  conducted  to  refine  the 

tester  speed  indication  system  and  to  eliminate  defects  in  the  test  control 
system. 

(C)  Test  11  was  conducted  with  a  seal  which  was  balanced 

to  maintain  a  200-psi  pocket-to-gas  differential  pressure  and  an  operating 
clearance  of  0.00076  in.  This  test  was  completely  successful  with  a  maximum 
rotative  speed  of  39,400  rpm.  The  test  duration  of  84  sec  included  60  sec  at 
over  38,000  rpm.  The  test  hardware  was  in  excellent  condition  with  no  evidence 
of  rubbing  contact.  The  total  AeroZINE  50  flow  to  the  seal  was  1.30  lb/sec. 

The  outward  flow  was  0.27  lb/ sec. 
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(f)  Test  12,  the  final  test  in  the  series,  utilized  a 

seal  which  was  designed  to  maintain  a  500-psi  pocket-to-gas  differential 
pressure.  This  test  was  completely  successful.  All  objectives  were  met;  seal 
fuel  flow  to  combustion  was  0.1+3  lb/sec  and  speed  was  1+0,000  rpm.  Total 
rotating  time  was  78  sec,  with  a  duration  of  63  sec  at  1+0,000  rpm.  Surface 
velocity  was  over  600  ft/sec  and  the  pressure  on  the  installed  face  was 
19.5  psi.  The  seal  was  installed  with  an  initial  compression  of  0.016  in. 

There  was  no  evidence  of  seal  contact  and  no  damage  to  the  hardware. 

(1+)  Conclusions  from  Cold  Rotating  AeroZINE  50  Tests 

(C)  The  following  results  were  obtained  from  the  cold 

otating  tests: 

(a)  The  seal  has  performed  at  fuel  flows  and 
pocket-to-gas  differential  pressures  throughout  the  expected  range  of 
operating  conditions. 

These  Include: 

Pocket-to-gas  differential  pressure  200  and  500  psi 
Fuel  flows  Ltc  combustion)  0.27  to  0.1+3  lb/sec 

Calculated  operating  clearance  0.00076  to  0.001  in. 

Operating  speed  1+0 ,000  rpm 

(b)  Axial  wobble  of  0.0001+  in.  at  operating  speeds 
can  be  accommodated  wxth  an  average  clearance  of  O.OOO76  in. 

(c)  The  tesier  components  were  checked  out  at  engine 
operating  speeds  and  pressures  for  the  desired  duration  of  60-sec  tests. 
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(d)  Fill  times,  turbine  gas  pressures,  acceleration 
and  deceleration  rates,  and  pressure  drops  vs re  established. 

(U)  The  cold  rotating  tests  revealed  a  weakness  in  the 

seal  bellows  structural  resistance  to  pressure  reversal.  Az  a  result  of  these 
tests,  the  methrx5  of  bellows  attachment  was  redesigned  and  the  use  of  two-ply 
bellows  was  initiated. 

(U)  During  Test  8,  the  pressurizing  fuel  flow  to  the 

seal  interior  was  interrupted  and  the  seal  faces  contacted  while  rotating. 

This  contact  resulted  in  welding  the  faces  together.  This  is  significant  in 
that,  if  restart  in  the  vacuum-condition  of  space  is  required,  consideration 
mist  be  given  to  the  demonstrated  tendency  of  the  flame-plated  seal  faces  to 
cold  veld,  and  further  investigation  of  face  materials  will  be  required,  since 
there  will  be  momentary  rr.bbing  contact  during  restart. 

c.  Hot  Rotating  Tests 

(l)  Technical  Approach 

(U)  Hie  not  rotating  tesi-s  were  designed  to  simulate  as 

closely  as  possible  the  conditions  to  he  expected  in  the  ARES  engine  during 
atmospheric  startup.  The  tests  were  therefore  prepared  to  meet  the  conditions 
as  listed  in  Paragraph  I,l,b. 

(U)  Attainment  of  the  objective  included  the  following 

tasks : 


(a)  Simulation  of  th<-  ARES  engine  start  transients. 

(b)  Operational  checkout  of  the  test  area  pressure 


intensifier  system 
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(c)  Determination  of  the  operating  characteristics 

of  the  gas  generator. 

(d)  Determination  of  the  effects  of  thermal  iistor- 

tion  of  the  seal. 


(e)  Rotating  tests  under  full  operating  conditions. 

(2)  Start  Transient  Simulation 

(U)  The  ARES  start  transients  were  simulated  as  closely 

as  practical  (Figure  IV-79) •  Pressure  rise-rates  were  controlled  by  regulating 
the  pressurizing  rate  of  the  nitrogen,  which  operated  the  propellant  pressure 
intensifiers .  Acceleration  was  controlled  by  adjusting  the  nozzle  size  and 
nitrogen  pressure  which  operated  the  tester  drive  turbine.  It  was  necessary 
to  modify  the  start  transients  somewhat  to  ensure  the  proper  sequence  of 
events,  because  a  malfunction  could  occur  if  the  mixture  ratio  should  shift 
during  the  start  transient.  It  was  also  necessary  to  ensure  that  fuel  was 
admitted  to  the  seal  interface  during  startup  rotation.  The  requirements 
were  accomplished  by  initiating  the  oxidizer  pressure  rise,  which,  at  800  psig 
started  the  fuel  pressurizing  system.  When  the  fuel  pressure  reached  200  psig, 
the  turbine  speed  was  initiated.  The  resulting  start  transient  is  shown  in  the 
test  data  plot  for  Test  lU  in  Figure  IV-80  and  includes  the  following  informa¬ 
tion. 


(a)  Startup  pressures:  approximately  100  psig. 

(b)  Time  elapsed  from  start  of  pressurization  to 
operating  pressure:  1.25  sec. 

(c)  Tine  elapsed  from  start  of  pressurization  to 
9055  of  full  rotation:  1.0  sec. 
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(U)  Engine  simulation  required  an  extremely  precise, 

interconnected,  computer -controlled  test  system.  Despite  efforts  to  simplify 
the  test  as  much  as  possible,  the  sequences,  safety  interlocks,  and  shutdown 
parameters  resulted  in  a  complexity  which  was  sufficient  to  result  in  several 
malfunction  shutdowns. 


(3)  Description  of  Test  Hardware 

(C)  The  hydrostatic  combustion  seal  tester  is  shown  in 

Figure  I\-77-  The  tester  was  fabricated  from  stainless  steel  and  was  designed 
for  an  operating  internal  pressure  of  3000  psi.  The  tester  consisted  of 
three  basic  parts:  (l)  a  gas  generator  or  preburner,  to  supply  the  oxidizer- 
rich  hot  gas  environment  simulating  the  ARES  engine;  (2)  a  test  chamber, 
which  contained  a  gas  \elocity  control  element  to  create  the  gas  velocity 
expected  in  the  ARES  engine,  and  served  as  a  combustion  chamber  for  the  seal 
testing;  ana  (3)  a  drive  housing,  containing  a  turbine-driven  shaft,  the  test 
seal  and  burnoff  shield,  and  most  of  the  test  supply  connections.  Axial  thrust 
was  carried  by  an  oil-operated  hydrostatic  bearing. 

(U)  This  tester  was  designed  on  Contract  AF  0M6ll)-1078k 

and  is  described  in  detail  in  the  final  report,  AFRPL  TR-66-79,  Section  III,C. 

(U)  The  test  seal,  installed  in  the  tester,  is  shown 

in  Figure  IV-81.  The  seal  consisted  of  a  rotating  face  made  of  AM-350,  contain¬ 
ing  180  0.01^-in.-dia  pheripheral  holes  for  upstream  oxidizer  coolant,  and  a 
stationary  face  of  Invar,  which  contained  six  pockets  around  the  face.  The 
seal  faces  were  coated  with  LC-1B  (80$  Cr^  +  20$  Ni  Cr)  applied  by  the 
Linde  flame-plating  method.  The  stationary  face  was  attached  to  a  flange  by 
a  single  convoluted  toroidal  bellows,  made  of  two  0.006-in. -thick  plies  of 
Inconel  718. 
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(U)  A  turnoff  shield  made  of  0.050-in. -thick  Type  304 

stainless  steel  served  as  a  passage  for  downstream  cooling  oxidizer  admission. 
Thermocouples  were  welded  into  the  outside  surface  of  the  shield. 

(U)  Fuel  entered  each  seal  face  pocket  through  a 

0. 035-in. -dia  orifice.  The  flow  was  divided  so  that  about  60%  passed  inward 
into  the  fuel  cavity  and  the  remainder  flowed  outward,  where  it  combusted 
in  the  upstream  and  downstream  oxidizer  and  the  oxidizer-rich  gas  stream. 

(U)  A  detailed  description  of  the  seal  design  and 

operation  appears  in  Final  Report  AFRPL-TR-66-79 »  Section  II ,B. 

(4)  Description  of  Tests 


(a)  Preburner  Checkout 


(U)  Seven  tests  were  conducted  to  evaluate  the 

preburner  gas  generator,  to  check  out  the  pressure  intensifier  system,  to 
calibrate  the  g*as  generator  cavitating  venturis,  and  to  investigate  the  gas 
generator  start  characteristics  at  various  fill  pressures.  All  equipment 
functioned  properly  and  the  gas  generator  demonstrated  ability  to  start 
successfully  at  60  pst.  This  established  that  engine  start  transients  could 
be  simulated  with  the  existing  facilities. 

(b)  Seal  Distortion  Tests 


(U)  Three  nonrotating  tests  were  conducted  ir. 

which  the  preburner  was  operated,  but  was  substituted  for  fuel  at  the 

seal,  so  that  thermal  distortion,  oxidizer  fill  times,  and  operating 
clearances  could  be  determined  without  combustion  at  the  seal.  These  tests 
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demonstrated  that  the  seal  could  operate  at  engine  temperatures  without  exces¬ 
sive  distortion.  At  the  conclusion  of  the  tests,  the  flame  plate  had  blistered, 
attributable  to  chemical  attack  of  the  bond  surface.  This  condition  will 
require  further  action  if  it  develops  during  hot  tests. 

(c)  Hot  Rotating  Tests 

(U)  The  tester  was  installed  in  the  test  stand  in 

accordance  with  the  flow  diagram.  Figure  IV-77.  This  depicts  all  flows, 
pressures,  and  purges  used  during  hot  rotating  tests. 

(U)  Eleven  tests  were  conducted  in  an  effort  to 

reach  the  program  objective  of  60  sec  of  operation  under  engine  conditions. 

Data  from  these  tests  are  tabulated  in  Figure  IV-82.  Test  accomplishments 
are  summarized  as  follows: 


Tests  completed 

11 

Total  combustion  duration 

82.25 

sec 

Total  rotation  time 

Over  30,000  rpm 

29.65 

sec 

Over  35 >000  rpm 

21.25 

sec 

U0,000  +  500  rpm 

l*.l  sec 

<U)  Tests  5  through  8  were  conducted  with  the  same 

seal,  without  inspection  between  restarts.  This  was  significant  because  it 
established  that  the  seal  is  capable  of  restarts.  Tests  10,  11,  and  12 
were  terminated  with  substantial  damage,  but  all  malfunctions  were  due  to 
problems  not  associated  with  the  prototype  seal.  The  burnoff  shield,  downstream 
of  the  seal  face,  was  found  to  be  a  major  contributor  to  test  malfunctions  in 
Tests  8,  11,  and  12  and  a  redesign  was  necessary.  The  annular1  space  under 
the  burnoff  shield  was  made  free  from  any  obstructions  so  that  all  of  the 
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under  surface  of  the  shield  was  continually  cooled  by  the  flowing  oxidizer. 

A  velocity  below  the  shield  of  10  fps  was  calculated  to  be  minimum  flow  for 
efficient  regenerative  cooling  of  the  shield;  therefore,  the  flow  rate  was 
kept  above  10  fps.  Test  13  was  conducted  to  test  one  version  of  the  new 
design,  wherein  cooling  oxidizer  was  allowed  to  flow  to  the  outside  of  the 
shield  through  slots  near  the  oxidizer  exit  annulus.  The  test  continued  for 
the  expected  duration  with  no  combustion  damage,  but  the  tip  of  the  shield 
cracked  at  the  slots  because  of  structural  weakness.  The  shield  was  changed 
so  that  1*0  holes,  0.030  in.  in  diameter,  replaced  the  slots.  Test  lU  confirmed 
the  new  design,  operating  for  the  expected  duration  without  damage  to  the 
shield,  as  can  be  seen  from  the  posttest  photograph.  Figure  IV-83.  A  malfunc¬ 
tion  of  the  upstream  velocity  control  equipment  caused  minor  damage  to  the 
rotating  ring  during  Test  14,  so  that  the  necessary  tests  to  attain  the  program 
objective  could  not  be  completed.  It  will  be  necessary  therefore,  to  continue 
testing  during  the  Phase  I  extension. 

(C)  (5)  Conclusions  and  Recommendations 

(a)  Conclusions 


1  Propellant  Flows 


as  follows: 


Propellant  flows  from  the  seal  will  be 


Fuel  to  combustion 
Upstream  oxidizer 
Downstream  oxidizer 


0.1+3  lb/sec 
5  to  6  Ib/sec 
10  to  12  lb/ sec 


(C)  The  prototype  seal  is  designed  to  maintain 

a  fuel  flow  to  combustion  of  at  least  0.1*0  lb/sec.  This  flow  separates  the 
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seal  faces  about  0.001  in.,  which  is  an  acceptable  clearance  to  accommodate 
thermal  and  pressure-induced  conical  deflections  of  the  seal  face.  Further 
testing  is  required  to  ascertain  minimum  clearances. 

(C)  The  tests  have  proved  that  both  upstream 

and  downstream  oxidizer  flows  are  essential  to  reliable  seal  operation.  Down¬ 
stream  flow  must  be  at  a  velocity  of  approximately  70  fps,  in  order  to  create 
sufficient  velocity  head  to  prevent  the  hot  gas  from  forcing  fuel  under  the 
burnoff  shield.  The  optimum  oxidizer  flows  have  not  been  established,  and 
reductions  in  oxidizer  flow  require  further  testing  beyond  the  scope  of  this 
contract . 


2_  Gas  Supply  Conditions 

(C)  The  gas  generated  by  the  preburner  closely 

resembles  that  in  the  ARES  engine.  During  Test  14,  the  measured  temperature  was 
1100°F,  pressure  was  3300  psi,  and  the  gas  velocity  at  the  seal  was  211  fps. 

The  ARES  engine  gas  temperature  will  be  1100°F,  pressure  will  be  3100  psi,  and 
gas  velocity  will  be  about  225  fps. 

3_  Seal  Performance 

(C)  Short  duration  test  results  have  demon¬ 

strated  that  steady  state  is  reached  in  3.5  sec,  burnoff-area  conditions  reach 
equilibrium  in  about  7  sec,  and  the  maximum  burnoff  area  temperatures  are  less 
than  500°F.  Seals  have  been  operated  in  steady-state  conditions  without  sur¬ 
face  contact,  and  cold-flow  tests  have  shown  that  at  h0,000  rpm,  the  seal  will 
follow  an  axial  runout  of  at  least  0.000^  in.  without  contacting.  Combustion 
test  results  indicate  that  the  chief  problem  to  be  solved  is  the  protection  of 
associated  hardware.  This  can  be  accomplished  by  (l)  increasing  oxidizer 
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coolant,  (2)  changing  the  direction  of  oxidizer  injection,  (3)  redesigning  the 
hardware  to  redirect  the  flame,  and  (k)  redistributing  the  oxidizer  to  improve 
cooling  efficiency.  All  of  these  modifications  will  be  investigated.  Although 
the  program  objective  of  60  sec  duration  has  not  yet  been  achieved,  test  results 
indicate  that  the  combustion  seal  will  function  properly  if  the  hardware 
immediate  to  the  seal  can  be  protected. 

(b)  Recommendations 

(U)  1  Additional  Tests  to  Meet  Program  Objective 

A  total  of  ten  additional  tests  have  been 
planned  to  meet  the  program  objective.  Limitations  to  the  test  area  oxidizer 
supply  will  require  at  least  two  tests  of  one  assembly  to  reach  the  required 
total  duration.  Hardware  is  being  obtained  for  five  separate  tests.  Testing 
will  continue  as  a  Phase  I  extension  until  the  test  objective  is  reached.  If 
an  unexpected  development  should  make  it  appear  that  the  hydrostatic  combustion 
seal  is  not  practical  for  extended-duratdc:.  tests,  an  inert  purge  seal  will  be 
substituted  for  duration  testing. 

2_  Recommended  Future  Work 

a  Reduced  Fuel  Flow 

(U)  The  seal  pocket- to-gas  differential 

pressure  has  been  set  at  500  psi,  to  ensure  that  the  pocket  pressure  will 
exceed  any  combustion  pressure  spikes  that  might  force  oxidizer-rich  gas  into 
the  seal.  When  the  maximum  pressure  spikes  from  the  ARES  precombustor  are 
determined,  the  seal  should  be  redesigned  for  a  lower  differential  pressure. 

In  this  way  the  operating  clearance  can  be  maintained  at  a  lower  fuel  flow. 
Additionally,  tests  should  be  conducted  to  determine  the  minimum  operating 
face  clearance,  with  the  consequent  reduction  in  fuel  flow. 
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b  Reduced  Oxidizer  Flow 

(L)  The  oxidizer  flew  rates  at  the  seal 

were  selected  to  give  —  ximum  protection  and  are  probably  in  excess  of  the 
required  amount.  The  determination  of  proper  oxidizer  flow  rates  for  existing 
and  future  fuel  flows  will  permit  aore  efficient  engine  operation,  and  tests 
should  be  conducted  to  accomplish  this. 

£  Bellows  Redesign 

(U)  In  the  prototype  seal  design,  the 

bellows  operates  with  a  differential  pressure  of  about  2600  psi.  Prelininary 
design  studies  have  been  aade  on  a  configuratic  .  that  will  permit  the  bellows 
to  function  at  essentially  no  differential  pressure.  This  feature  will  add 
to  the  reliability  of  the  seal,  and  the  design  should  be  investigated. 

d  Bellows  Compression 

(U)  The  prototype  bellows  has  been  hot 

tested  with  an  axial  compression  of  0.010  in.  The  total  axial  travel  in  the 
ARES  turbopump  has  been  calculated  to  be  close  to  0.020  in.;  therefore,  further 
testing  at  the  new  compression  is  indicated. 

£  Restart  and  Throttling 

(U)  Testing  of  the  prototype  seal  has 

been  conducted  with  all  propellant  passages  purged  with  nitrogen  during  startup 
and  shutdown.  If  restart  capability  is  required  of  the  seal,  investigations 
must  be  made  to  determine  the  best  materials  and  face  design  to  effect  a  depend¬ 
able  static  seal  after  shutdown  and  prior  to  restart.  If  vacuum  shutdown  and 
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restart  is  required,  it  will  be  necessary  to  detexaine  face  Materials  that  will 
resist  vacuua  welding.  If  engine  throttling  is  expected,  the  operation  of  the 
seal  and  components  aust  be  evaluated  under  the  pressures  end  flows  that  will 
result. 
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1.  General 


a.  Background 

(U)  A  purge  seal  was  required  for  the  T-engine  turbopump  as 

a  backup  in  the  event  the  hydrostatic  combustion  seal  should  prove  impractical. 
The  purge  seal  designed  for  this  application  (Figure  IV-8U)  operates  on  the 
same  hydrostatic  principle  as  and  is  similar  in  design  to  the  hydrostatic  com¬ 
bustion  seal.  Inert  purge  fluid  will  be  contained  in  a  pressurized  tank, 
external  to  the  ARES  engine,  and  will  flow  through  orifices  in  the  six  seal- 
face  pockets  to  the  face  of  the  seal,  thus  providing  an  inert  barrier  sepa¬ 
rating  the  fuel  from  the  oxidizer-rich  gas.  The  purge  seal  was  designed  to 
fit  in  the  advanced  TPA  in  the  same  location  as  the  hydrostatic  combustion 
seal  and  will  not  require  extensive  modification  of  the  TPA. 

(U)  An  initial  design  study  of  this  purge  seal  was  completed 

under  Contract  AF  OM 6ll)-lG78k  and  is  discussed  in  Section  II ,D  of  the  final 
progress  report,  AFRPL-TR-66-79 • 

b .  Ob j  ect ive 

(C)  The  -  ram  objectives  for  the  purge  seal  were  to  design, 

fabricate,  and  test  the  seal.  Testing  was  required  under  the  following  TPA 
operation  conditions: 


Gas  pressure,  3100  psig  +  600  psi 
Gas  temperature,  1100  +.  f>0°F 
Gas  velocity,  200  to  250  fps 
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Rotative  speed,  1*0,000  rpm 

Test  duration  vas  to  be  60  sec  (including  start  and 
stop  transients ) ,  and  the  seed  must  he  reusable  after 
the  test. 


c .  Approach 

(U)  The  objective  vas  reached  via  the  following  steps: 

(1)  Design  of  the  seal 

(2)  Selection  of  a  purge  fluid 

(3)  Cold  rotating  tests  of  the  purge  seal  system 
(U)  Hot  rotating  tests  under  full  engine  conditions 

2.  Design 


a.  Seal  Design 

(U)  The  purge  seal  was  designed  to  be  interchangeable  with 

the  hydrostatic  combustion  seal  in  the  ARES  T-configuration  TPA  with  a  minimum 
of  different  parts.  Because  of  the  high  relative  surface  speed  encountered  in 
this  seal  application  (500  fps  at  3-in.-dia)  it  was  determined  that  a  hydro¬ 
static  face  seal  would  provide  the  most  reliable  operation.  Requirements  for 
small  leakage  and  low  weight  excluded  fixed-clearance  labyrinth  seals  from 
consideration.  The  purge  seal  (Figure  IV-84)  is  similar  in  design  to  the 
hydrostatic  combustion  seal  (Figure  IV-72) ,  except  that  a  purge  fluid  instead 
of  fuel  is  introduced  at  high  pressure  into  six  orificed  pockets  in  the  seal 
face.  The  purge  fluid,  in  separating  the  fuel  from  the  oxidizer,  flows  out¬ 
ward  to  the  hot  gas  and  inward  to  the  bearing  cavity,  where  it  mixes  with  the 
fuel  from  the  bearings,  and  flows  to  the  fuel-pump  suction. 
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(U)  The  orifices  in  the  seal  pockets  were  sized  to  operate 

the  seal  at  purge-fluid  flows  of  1,  2  or  3  cu  in. /sec,  so  that  the  operating 
face  clearance  could  be  adjusted  between  tests.  The  seal  dimensions  were 
selected  to  give  an  optimum  balance  of  minimum  flow  rate  and  limited  tempera¬ 
ture  rise  of  the  purge  fluid  due  to  viscous  friction.  For  the  fluid  selected, 
the  optimum  width  of  the  seal  land  vas  about  0.1  in.  This  dimension  results 
in  a  fluid  temperature  rise  of  about  600°F  at  the  minimum  design  total  flow 
rate  of  1  cu  in. /sec  (3.9  lb/min)  (Figure  IV-85).  This  temperature  rise  and 
flow  rate  correspond  to  a  seal  running  clearance  of  approximately  0.00085  in. 
Heat-transfer  and  distortion  studies  showed  that  this  running  clearance  and 
minimum  flow  rate  would  be  feasible  if  the  seal  face  were  fabricated  from  a 
material  having  a  low  coefficient  of  thermal  expansion  (e.g.,  Invar)  and  an 
oxidizer  coolant  flow  were  directed  over  the  backside  of  the  seal.  The  face 
and  the  inside  (bore)  of  the  seal  was  coated  with  a  hard  material  to  prevent 
galling  caused  by  rubbing  and  by  foreign  particles  which  might  be  carried  in 
the  purge  fluid.  Two  sets  of  three-piece  piston-ring  seals  were  designed  for 
use  as  secondary  purge-fluid  seals  in  this  application,  since  these  seals  are 
subjected  tc  axial  motion  only  and  a  small  amount  of  purge- fluid  leakage  could 
be  tolerated. 

(U)  The  stability  of  the  seal  was  investigated  to  ensure  that 

the  seal  would  not  be  excited  into  axial  vibration  by  wobbling  of  the  rotating 
ring.  The  natural  frequency  of  axial  vibration  is  53l+,000  cpm,  or  13  times 
the  shaft  speed;  therefore,  the  seal  will  not  be  excited  by  the  shaft  rotation 
frequency.  Additional  stability  is  obtained  from  viscous  damping  due  to 
squeeze-film  effects  and  from  the  friction  damping  caused  by  the  piston-ring 
secondary  seals. 
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b.  Selection  of  Purge  Fluid 

(C)  The  requirements  for  a  purge  fluid  for  use  in  the  ARES 

engine  were  as  follows: 

(1)  Must  not  react  with  NpOl,  or  AeroZINE  50 
in  a  600°F,  3500-psi  environment. 

(2)  Must  be  noncorrosive  in  combination  with  AeroZINE  50. 

(3)  Low  specific  gravity  is  desirable. 

(h)  High  specific  heat  is  desirable. 

(5)  Must  not  decompose  in  600°F,  3500-psi  environment. 

(6)  Must  not  be  adversely  affected  by  radiation  of  the 
level  encountered  in  space  environment. 

(U)  The  purge  fluid  selected,  E.  I.  DuPont's  Fluid  PR  1^3  AB, 

("Krytox"),  is  a  p«rfluorinated  hydrocarbon  with  a  specific  gravity  of  1.8  and 
a  viscosity  of  11  centistokes  at  210°F.  The  fluid  is  stable  to  600°F;  its 
autoignition  point  is  above  1300°F,  and  its  specific  heat  is  0.30  at  U00°F. 

It  was  selected  for  this  application  because  of  its  chemical  inertness  and 
high-temperature  stability.  These  characteristics  outweigh  the  relatively 
high  specific  gravity  and  low  specific  heat.  Tests  by  the  manufacturer 
indicate  good  radiation  stability.  Laboratory  tests  at  Aerojet-General  deter¬ 
mined  that  the  fluid  does  not  react  with  either  propellant ,  and  it  does  not 
increase  the  shock,  adiabatic  compression,  or  spark  sensitivity  of  the  pro¬ 
pellants.  The  viscosity  at  operating  temperatures  was  considered  optimum  for 
minimum  purge  flow  at  the  desired  operating  clearances. 

(U)  During  testing,  it  was  discovered  that  the  purge  fluid 

exhibits  a  fivefold  viscosity  increase  when  pressurized  to  operating  condi¬ 
tions  (Figure  IV-86).  As  a  result  of  the  viscosity  increase  due  to  pressure, 
filters  which  were  adequate  for  low-pressure  flows  were  much  too  l'estrxctive 
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at  operating  pressures.  Because  of  the  high  purge  fluid  viscosity  in  compari¬ 
son  with  ®2®U  AeroZIHE  50,  two  problems  vere  experienced  during  the  tester 
start. transient.  One  problem  was  that  the  purge  fluid  f lowed  outward  from  the 
seal  into  the  downstream  oxidizer  coolant  circuit  before  the  start  of  the  test. 
When  high-pressure  oxidizer  was  introduced,  the  resistance  to  flow  caused  by 
the  purge  fluid  in  the  circuit  resulted  in  grossly  increased  back  pressure, 

T 

which  distorted  the  shield  over  the  seal.  The  shield  has  been  redesigned  to 
resist  distortion,  but  the  new  design  has  not  been  tested.  The  other  problem 
associated  with  the  purge-fluid  viscosity  was  restriction  of  the  bearing- 
cavity  outlet  labyrinth.  Before  the  tester  was  started,  purge  fluid  filled 
the  bearing-cavity  labyrinth  passages.  When  high-pressure  fuel  was  introduced 
into  the  bearing  cavity,  the  increased  resistance  to  flow  through  the  laby¬ 
rinth  caused  the  bearing  cavity  pressure  to  rise  higher  than  anticipated, 
resulting  in  the  flow  of  purge  fluid  and  fuel  from  the  bearing  cavity,  across 
the  seal  face,  and  into  the  downstream  oxidizer  coolant  stream.  Figure  IV-87 
illustrates  the  effect  of  the  purge  fluid  on  the  pressure-rise  rate  of  the 
bearing  cavity.  This  effect  can  probably  be  eliminated  by  adjusting  the 
valve-opening  sequence  of  the  tester.  This  approach,  plus  the  re-evaluation 
of  candidate  purge  fluids  of  lower  viscosity,  will  be  taken  if  purge-seal 
testing  is  resumed.  During  initial  engine  testing,  when  a  purge  seal  may  be 
used  and  there  is  no  minimum  weight  requirement,  it  may  be  preferable  to  use  a 
less  viscous  fluid  to  eliminate  problems  associated  with  the  viscosity  increase 
with  pressure. 

c.  System  Weight 

(U)  The  system  weights  of  purge  fluid  (1.8  specific  gravity) 

and  container,  exclusive  of  valves,  lines,  and  other  auxiliary  equipment,  for 
a  3-min  operation  of  the  purge  seal  are  as  follows: 
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a.  Tester  and  Installation 

(U)  The  tester  used  for  testing  the  purge  seal  was  the  same 

as  that  used  for  the  hydrostatic  combustion  seal  (Figure  IV-75),  except  that 
the  fuel-supply  passages  were  modified  to  permit  introduction  of  purge  fluid 
to  the  seal  (Figure  IV-88).  Installation  of  the  tester  in  the  test  stand  was 
also  similar  to  that  of  the  hydrostatic  combustion  seal  tester,  except  that 
the  fuel  supply  to  the  seal  was  replaced  with  a  reservior  of  purge  fluid  pres¬ 
surized  by  the  fuel  intensifier.  The  installation  flow  diagram  is  shown  in 
Figure  IV-89. 

b.  Simulation  of  TPA 

(U)  As  in  the  hydrostatic  combustion  seal  tests,  an  attempt 

was  made  to  simulate  the  engine  start  transients.  The  sequence  of  operations 
during  startup  required  precise  control  to  avoid  malfunctions  in  the  tester 
which  would  not  occur  in  the  engine,  and  minor  adjustments  to  the  sequence 
were  necessary  to  ensure  the  proper  balance  of  pressures  and  to  accommodate 
the  pressure  surges  resulting  from  changes  in  the  viscosity  of  the  purge  fluid. 
Despite  the  viscosity  change,  the  pressures,  rise  rates,  acceleration,  gas 
velocity,  and  temperatures  were  close  to  the  expected  TPA  conditions.  In 
Test  7,  the  most  successful  test,  engine  operation  conditions  were  reached 
1  sec  after  the  start  of  pressure  increase. 
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c.  Testing 

(U)  Nine  tests  were  conducted;  the  results  are  summarized  in 

Figure  IV-90. 

(1)  Cold  Rotating  Tests 

(U)  During  Tests  1,  2,  and  3,  the  tester  was  gradually 

pressurized  with  GN^  instead  of  hot  gas,  so  that  the  seal  operating  clearances 
could  be  determined  without  thermal  distortion.  As  an  added  precaution,  fuel 
was  used  instead  of  oxidizer  beneath  the  downstream  shield.  The  seal  was 
orificed  for  a  purge  flow  of  2  cu  in. /sec.  Tests  1  and  2  were  terminated 
because  of  the  unexpected  high  purge-fluid  viscosity,  which  was  sufficient  to 
virtually  stop  flow  through  the  filter.  This  led  to  an  investigation  of  the 
purge  fluid  viscosity  at  high  pressure,  which  revealed  the  characteristic  of 
the  fluid  to  increase  i~  viscosity  with  increasing  pressure.  The  filter  area 
was  then  increased,  and,  in  Test  3,  operation  continued  for  38  sec,  including 
27  sec  at  1*0,000  rpm.  Post-test  examination  revealed  that  the  seal  faces  had 
contacted  slightly,  and  that  two  pocket  orifices  were  partially  plugged.  The 
purge-fluid  flow  during  this  test  was  1.1*  cu  in. /sec  instead  of  the  design 
flow  of  2  cu  in. /sec.  The  seal  was  orificed  for  a  purge-fluid  flow  of 
3  cu  in. /sec  for  the  remaining  hot  tests,  since  some  thermal  distortion  was 
expected.  • 

(2)  Hot  Tests 

(U)  Six  hot  tests  were  conducted  in  an  attempt  to  meet 

program  requirements.  The  most  successful,  Test  7,  operated  for  55.3  sec  at 
over  1*0,000  rpm,  but  because  of  damage  to  the  purge-seal  parts  from  high 


Page  IV-210 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 


IV,  J,  Purge  Seal  (cont.) 

internal  hearing-.  Ity  pressure  during  the  start  transient  of  Test  6,  fuel 
and  pu-  ge  fluid  flovi 1  outward  into  the  oxidizer-rich  atmosphere,  causing  com¬ 
bustion  damage  to  the  seal  faces.  The  instrumentation  gave  little  indication 
of  this  malfunction  (see  Figure  I'v-87),  and  the  test  appeared  successful  before 
the  hardware  was  examined.  The  test  data  indicated  that  the  initial  damage  to 
the  shield  occurred  during  Test  6,  but  it  was  not  detected  in  the  test  records, 
and  since  the  hardware  was  not  inspected  after  Test  6,  the  next  test  was 
started  with  the  damaged  hardware. 

(U)  In  Tests  8  and  9,  attempts  were  made  to  control  the 

shield  distortion  by  adjusting  fill-times  and  clearances,  but  it  was  finally 
concluded  that  a  complete  redesign  of  the  shield  was  necessary.  At  the  end  of 
Test  9,  the  computer-controlled  shutdown  sequence  failed  to  operate,  and  dur¬ 
ing  the  manual  shutdown  the  oxidizer  valve  was  mistakenly  closed  before  the 
fuel  valve.  Because  of  this  improper  sequence,  the  gas  generator  mixture  ratio 
went  from  oxidizer-rich  to  fuel-rich,  causing  extensive  damage  to  the  hardware.. 

(U)  No  further  testing  of  the  purge  seal  was  attempted 

because  the  hydrostatic  combustion  seal  had  given  favorable  results ,  and  test¬ 
ing  will  not  be  resumed  unless  it  is  found  that  the  hydrostatic  combustion  seal 
is  not  practical. 


(3)  Conclusions  from  Tests 

(U)  Every  failure  of  the  purge  seal  during  hot  testing 

started  with  failure  of  the  downstream  shield.  This  part  was  underdesigned 
for  the  high  pressure  experienced  during  startup.  The  redesigned  shield  will 
not  flex  with  startup  pressure  and  should  prevent  recurrence  of  this  failure. 
The  cold  rotating  tests  established  that  the  purge  fluid  prevents  mixing  of 
fuel  and  oxidizer-rich  gas.  It  is  therefore  expected  that  the  seal  will  per¬ 
form  as  required  when  operated  with  the  redesigned  shield.  The  purge- fluid 
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flow  rate  will  be  12  lb/min;  tankage  and  fluid  for  an  engine  to  operate  3  min 
will  weigh  about  53  lb,  exclusive  of  valves,  supports,  and  piping. 

(U)  If  the  purge  seal  :'s  to  be  used  in  the  TPA,  either 

in  testing  or  in  the  ARES  engine,  at  least  one  60-sec  test  should  be  conducted 
with  the  redesigned  shield.  If  the  purge  seal  is  used  in  the  engine,  addi¬ 
tional  tests  will  be  necessary  to  establish  the  minimum  flow  for  safe  operation 
in  order  to  reduce  the  system  weight. 

h.  Application  to  TPA 

(U)  The  turbopump  assembly  (Figure  IV-1)  has  been  designed  to 

accommodate  either  the  purge  seal  or  the  combustion  seal.  The  purge  seal  is 
expected  to  be  used  in  preliminary  testing,  and  the  combustion  seal  in  the 
final  tests.  In  this  case,  a  minimum  purge  flow  is  not  essential,  since 
weight  reduction  will  not  be  important,  and  an  alternative  purge  fluid  may  be 
investigated.  If  the  purge  seal  is  to  be  used  in  the  ARES  engine,  it  will  be 
necessary  to  design  the  tankage,  pressurizing  system,  controls,  and  installa¬ 
tion  of  the  purge  system. 
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Turbine  Weight  Flow  and  Efficiency  vs  Pressure  Ratio 
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METAL  MODEL  #1 


HOUSING  "A"  DESIGN 


MATERIAL 


4130  NORMALIZED 
Fty  =  70  KSI 

Ftu  =  90  KSI 


INCO  718 

=  180  KSI 


Fty  =  150  KSI 


TU 


WALL 

CON¬ 

STRUCTION 

AND 

STIFFNESS 


SINGLE  WALL,  0.  50  THICK 


Z1  -  I/c  =  .0417  IN3/IN 


TRIPLE  WALL,  TOTAL 
THICKNESSES 
0.  55  IN  REGION  (a) 
0.625  IN  REGION  (b) 

ZA  =  .  129  IN3/IN  (a) 

ZA  =  .i71  (b) 


PRESSURES 


TEST  PRESSURE 


'  (a) 

(b) 

5085 

'  1 
1 

1 

3265 

psi 

A* 

psi 

S»B  i 

l 

l 

l 

r 

7.0  — 

MAX.  OPERATING  PRESSURES 


DEFLEC - 
TIONS 


[RELATIVE  BRG  AXIAL  DISPL. 
A  =  .017  +  3% 

[RELATIVE  BRG  ROTATION 
B  <  3.6  SEC  (NIL) 


ESTIMATED  A  = 


OlJsOBS  .SO  7  3265  50  10,51 

=  .  0232 

(ANALYTICAL  =  .021) 

B  <  3.  6  SEC  (NIL) 


BASIC  CYL,  HOOP  = (a) 62, 200  psi 
(b) 35, 200  psi 

ESTIMATED  KA  =  1  +  (Kl  - 1)  Zi 

^  A 

AT  "A":  KA  =  1. 7 

fMAX  =  106,  000  psi 

AT  "B":  KA  =  1.029 

fMAX  =  36,  200  psi 

CONFIDENTIAL 


STRESSES 


BASIC  CYL.  HOOP  =  33,  750  psi 
AT  "A":  foUTER  =  107,000  psi 
(Kl  =  3,17) 
flNNER  =  *57,  000  psi 
(Kl  -  1.69) 
AT  "B":  FOUTER  =  10,  550  psi 
(Ki  =  .313) 
DINNER  =  3,  780  psi 
(Kl  =  1.2) 


Metal  Model  I  Test  Results  (u) 
Figure  IV -17 
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Figure  IV-19 
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Housing  A 
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Housing  A  Rib  Pattern 
Figure  IV -20 
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LEGEND  I 

A— DENOTES  PRESSURE  ZONE  NO. I  i 
■  DENOTES  PRESSURE  ZONE  NO.2 

f-  DENOTES  PRESSURE  ZONE  NO 3 

0 _  DENOTES  PRESSURE  ZONE  NO. 4 


Housing  A  Hydrotest  Pressure  Zones 
Figure  IV-21 
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Housing  A  Hydrotest  Assembly 
Figure  IV-22a 
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Stress  at  Test,  View  1 


Pressure  Test,  View  2 


Housing  A  Hydrotest 


Figure  IV -22b 
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Figure  IV -23 
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Figure  IY-2ka 
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Figure  IV -2 4b 
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Pressurized 
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Maximum  Axial  Displacement 
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Oxidizer  Dome  Radius  Parameter 
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Oxidizer  Dome  Parameter  vs  Displacement  (u) 
Figure  IV -27 


CONFIDENTIAL 


WELDiKJG  4  FLOW  P/VTUEB-kl 


CONFIDENTIAL 


Figure  IV-28 
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Housing -C  Rib  Pattern 


Configuration  Survey 
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Figure  IV-30 
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Pump  Efficiency  vs  Specific  Speed 
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Figure  IV-31 
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Turbine  Efficiency  vs  Design  Speed 


Design  Speed 
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Inline  TPA  Cross  Section  (u) 
Figure  IV-33 
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In-Line  T  irbopump  Housing 
Figure  TV-36 
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In-Line  Turbopump  Housing  Hydrotest  Assembly 
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Figure  IV-38 
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Figure  IV -33a.  In-Line  Turbopump  Housing  Pressure  Zones  Figure  IV-38b.  In-Line  Turbopump  Housing  Test  Setup 
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STRUCTURAL  TEST 


Figure  IV-39a.  Location  of  Displacement  of  In-Line  Turbopump  Housing 

Bearing,  Pressure  Only 
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Figure  IV-39b-  Location  of  Displacement  of  In-Line  Turbopump  Housing 

Bearing,  Pressure  and  Thrust  Proof 


Figure  IV-39 
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Figure  IV-41 
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Boost  Pump  Operation  Requirements  (u) 
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Fuel  Boost  Pump  Layout 
Figure  IV-ij-3 
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Oxidizer  Boost  Pump  Axial  Thrust 
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Fi£Oire  IV -45 
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Speed  -  -  -  -  -  -  25,000  rpm 

Duration - 14  min  35  see 


LOADS 

PROPELLANT  (N^) 

BEARING  OUTER  RACE  TEMPERATOHE2 

Rotctional 

DN 

Inlet 

Outlet 

Roller 

Ml 

Roller 

Test 

Duration 

Speed 

(rpra  x  mm) 

Axial 

Radial  Flov 

Temp. 

Temp. 

Bearing 

Bearing 

Bearing 

No. 

Sec. 

RDM 

10 '8 

lb 

lb 

gpm 

op 

°F 

°F 

°F 

°F 

1 

t 

C 

1 

1-& 

71 

22,300 

1.11 

2576 

1989 

5.8 

67 

109 

81 

95 

112 

1 

1-b 

172 

25,700 

1.28 

2570 

2019 

8-3 

66 

110 

88 

102 

128 

1 

/ 

6 

1 

k 

i 

1 

2 

1 

2 -a 

15 

21,600 

1.08 

2501 

2039 

5.8 

83 

101 

92 

86 

99 

£ 

2-b 

74 

25,700 

1.28 

2655 

2049 

5.8 

79 

128 

109 

112 

133 

3 

rh 

3 

3 -a 

45 

25,000 

,£5 

2734 

1993 

5-5 

77 

115 

112 

105 

100 

3-b 

231 

25,300 

1.26 

2615 

2035 

6.0 

74 

125 

126 

122 

113 

3-o 

353 

25,300 

1.26 

2564 

2045 

5.6 

78 

129 

129 

123 

116 

jj 

1 

4 

344 

25,300 

1.26 

2518 

1974 

6.2 

74 

124 

99 

123 

136 

l 

23,400 

1.27 

2740 

2329 

6.2 

74 

147 

136 

166 

170 

5 

t 

N< 

itj 

5-a 

198 

25,300 

1.26 

2711 

1989 

12.0 

68 

95 

76 

76 

81 

■ 

5-b 

58 

25,000 

1.25 

2739 

2024 

4.0  -  10.0 

67 

91 

76 

74 

79 

VI 

5-c 

173 

25,300 

1.26 

2775 

2024 

12.0 

66 

91 

75 

79 

] 

5-d 

221 

25,000 

1.25 

2985 

2007 

15.2 

75 

93 

81 

84 

UNCLASSIFIED 


Report  J.0830-F-1,  Phase  I 


®uuurr  (*2^) 

Inlet  Outlet 
T«g>.  leap. 

°F  °F 


EEAKIBG  OUTER  RACE 


Roller 

Bearing 

°F 


Ball 

Bearing 

Of 


Roller 

Bearing 

°F 
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77 

115 

112 

105 

100 

7* 

125 

126 

122 

113 

78 

129 

129 

123 

116 

68 

95 

76 

76 

81 

67 

91 

76 

74 

79 

66 

91 

75 

74 

79 

75 

93 

81 

80 

84 

210  Series  Bearings 

Radial  load  snared  by  lvo  roller  bearings 
Teats  1-a  and  1-b: 

Ball  bearing,  K-5-H  balls,  440C  races,  Thin  line  cage, 

25%  glass-filled  Teflon  &  outer  race  riding* 

Roller  bearings  (2),  outer  race  roller  guidii^j  channel, 
440C  rollers  and  races,  thin-line  cage,  25%  glass- 
filled  Teflon  outer  land  riding. 

Bearings  inspected  and  found  in  excellent  condition. 

Tests  2 -a.  and  2-b: 

Same  bearings  frcm  tests  1-a  and  1-b  reinstalled 

Bearings  inspected  and  found  in  excellent  condition. 
Roller  bearing  not  cleaned  sufficiently  and  pitted 
over  nigfat.  Ball  bearing  in  excellent  condition. 

Tests  3-a>  b  and  c: 

Reinstalled  sane  ball  bearing.  Two  new  roller  bearings 
wish  sane  cages  used  in  tests  l-i  through  2-b. 

Bearings  inspected  and  found  in  excellent  condition. 

Work  statement  objectives  net  25,000  rpn  bearing 
operation  in  with  new  cage  designs. 

Test  4: 

Ball  bearing,  Carboloy  44a  (Tungsten  carbide  balls), 

440C  races,  fully  shrouded  Rulon  A  (pre-soaked  in  N2Q4 
and  maroon  color  bleached  white)  cage,  inner  race  riding. 
Steady-state  prior  to  failure. 

Steady-state  data. 

Steady-state  at  shutdown  due  to  ball  bearing  failure  due 
to  improper  assembly.  Roller  bearings  In  good  condition. 

Test  5: 

.New  ball  and  one  new  roller  bearings  of  same  configur¬ 
ation  used  in  tests  1-a  thru  3-c.  One  roller  bearing 
xsed  previously  in  tests  1  and  2. 

Variable  flew  test 

Bearings  in  excellent  post  test  conlition. 


Summary  of  25,000  rpm  Bearing  Tests  in  N,-,0^ 
Figure  I V-h6 
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RADIAL  LOADING  PISTON 
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Figure  IV- 


Test 

Mb. 

Stall  Speed 
Duration 
sec  1 

Data  Point 
Sec  2 

Rotational 

Speed 

rpn 

DM 

(rpi  x  am) 

10-6 

LOAD 

Pf*opEUAirr(  HoOi, ) 

RISE  OF 

Ball 

OUTER  RACJ 

Ball 

i  T&SP. 

ftolle 

Axial 

lb 

Radial 

lb 

Flow 

Temp  Rise 
°F 

Bearing 

°F 

Bearing 

°F 

Bear! 

°F 

005a 

266 

! 

! 

1 

1 

35 

1 

39,600 

1.55 

1170 

525 

9.6 

9 

21 

21 

37 

245 

39,100 

1. 56 

2955 

548 

8.6 

22 

22 

22 

41 

297 

39,000 

1.56 

2350 

880 

8.2 

22.6 

22 

22 

41 

0C5b 

1 

39,300 

1.57 

835 

1 

551 

9.6 

7 

17-5 

18.5 

34 

006a 

i 

1 

27,600 

1.1 

1503 

572 

9*5 

- 

- 

- 

- 

006b 

530 

120 

39,890 

1.59 

1810 

560 

9.0 

24.1 

23-9 

23.9 

33 

340 

39,435 

1.58 

2550 

520 

8.4 

26 

28 

28 

39 

420 

38,995 

1.56 

1840 

1020 

8.3 

j 

26 

29  j 

28 

40 

007 

4 10 

; 

- 

1 

t 

! 

35 

32,212 

1 

1.29 

2320 

500 

9.0 

12 

10.8 

13 

20 

145 

31,913 

1.28 

4200 

500 

9.2 

13 

13.1 

15-5 

17 

200 

31.575 

1.26 

2650 

985 

8.6 

13.2 

15.5 

15.8 

24.1 

MOTES: 


1  Duration  at  full  speed 

2  Tine  from  turbine  start  to  data  point 


108  series  bearings. 


Axial  load  shared  by  tandem  bearing  set. 


f 


RISE  OF  OUTER  RACE  TEMP. 

PfCFEUANT(HoO), ) 

Ball 

Ball 

Ho.  .er 

ll 

Flow 

Temp  Rise 

Bearing 

Bearing 

Bearing 

gpm 

°F 

°F 

°F 

°F 

9.6 

9 

21 

21 

37 

8.6 

22 

22 

22 

41 

8.2 

22.6 

22 

22 

41 

9-6 

7 

17.5 

18.5 

34 

9-5 

- 

- 

- 

- 

9.0 

24.1 

23-9 

23.9 

33 

8.4 

26 

28 

28 

39 

8.3 

26 

29 

28 

40 

9-0 

12 

10.8 

13 

20 

9.2 

13 

13.1 

15.5 

17 

8.6 

13.2 

15.5 

15.8 

24.1 

ring  set. 
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REMARKS 


Ball  bearing  set,  440C  balls  and  rollers,  fully 
shrouded,  2556  glass-filled  teflon  cage.  Inner  race  riding. 

Spherical  seat  roller  bearing,  440C  rollers  and  races,  I 

fully  shrouded,  15  pocket,  25$  glass -filled  Teflon 

cage,  inner  race  riding.  Roller  bearing  installed  aligned. 

Steady  State. 

Axial  peak  load  (maintained  20  sec) 

Increasing  radial  load  -  shutdown  due  to  loss  of 
speed  signal.  Bearings  not  inspected. 

Bearings  from  Test  005a  reinstalled 
Shutdown  due  to  rupture  of  burst  diaphragm  in  turbine 
gas  supply.  Bearings  Inspected  and  found  in 
excellent  condition. 

Bearings  from  test  005a  and  b  reinstalled.  Roller 

bearing  installed  misaligned 

Shutdown  due  to  loss  of  instrumentation. 

Bearings  not  Inspected. 

Retest  of  bearings  reinstalled  prior  to  test  006  a. 

Roller  bearing  installed  misaligned. 

Steady  state  j 

Axial  peak  load  (maintained  36  sec)  j 

Radial  peak  load  applied  twice  for  a  total  of  32  sec  j 

Scheduled  duration,  manual  shutdown.  j 

Bearings  inspecved  and  found  in  excellent  conditior. 

Work  Statement  objectives  met  for  40,000  rpm 
operation  in  NgO^  (Tests  005a  and  006b) 

Ball  bearing  set,  4400  balls  and  races,  fully  shrouded, 

25^  glass-filled  teflon  cage,  inner  race  riding. 

Standard  outer  race  roller  bearing,  440C  rollers  &  races 
fully  shrouded,  15  pocket,  25$  glass -filled  Teflon 
cage,  inner  race  riding. 

Steady  state. 

Axial  peak  load 
Radial  peak  load 

Scheduled  duration,  manual  shutdown. 

Bearings  inspected  and  found  in  excellent  condition. 

Work  Statement  objectives  met  for  31,250  rpm 
operation  in  M2O4. 
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ary  of  4-0,000  and  31,250  rpm  Bearing  Tests  in  N£0^ 


Figure  IV-50 
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31,250  rpn  Posttest  Bearings — NgO^  Lubricated 
Figure  IV-51 
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i  Propellant  (A~50) 

Ride  of  Outer  Race 

Temperature 

Flow 

8P« 

Tfeap  Rise 
°F 

Ball 

Bearing 

°F 

Ball 

Bearing 

°F 

Roller 

Bearing 

°F 

Remarks 

Ball  tearing  *e t,  1-5 -fl  balls,  4AOC  rvt*  and  fain 
■olded  25$  Teflon  cage  outer  race  riding.  Spherical 
seat  roller  bearing  K-5-H  rollers  t  outer  race,  kkOC 
inner  race,  thin  line,  25^  Teflon,  15  pocket  outer 
race  riding  cage.  Roller  bearing  installed  misaligned. 

14.2 

17-6 

12.4 

12.3 

17-9 

Steady  state 

13-9 

18.6 

13-3 

13-5 

17.9 

Axial  load  peak 

13.6 

18.9 

13-6 

13-0 

17-9 

Radial  load  peak 

13.6 

19.2 

13-1 

13-3 

19-1 

Steady  state  prior  to  scheduled  shutdown 

Bearings  inspected;  Ball  bearing  set  in  excellent 
condition,  roller  bearing  had  excessive  wear  on  K-5-H 
rollers  and  outer  races. 

Ball  bearing  set  -  400C  balls,  races  and  sane  Halo 
type  cages  free  test  3.  Spherical  sent  roller  bearing 

U0C  rollers  and  races,  Tr in  line,  15  pocket  2>J 
glass  filled  Teflon  outer  race  riding  cage.  Roller 
bearing  installed  aligned. 

13. 7 

10-3 

24.5 

25.1 

30.2 

Steady  State 

13*7 

10.5 

25.2 

25.8 

30-7 

Axial  load  peak 

13.4 

10.1 

26.2 

28.7 

34.6 

Radial  load  peak 

8.1 

10.5 

35-1 

32.8 

51.6 

Data  prior  to  manual  shutdown  due  to  abnormal  temperature 
rise  in  bearings. 

Bearings  inspected,  cages  of  ball  bearings  failed 
causing  d  stage  to  all  bearing  ccrrr  'oents  including 
downstream  roller  bearing. 

Ball  bearing  set,  440C  balls  and  races,  fully  shrouded 
inner  race  riding  25jt  glass  filled  Teflon  cage. 

Standard  outer  race  roller  bearing,  <*40C  rollers  and 
races,  fully  shrouded,  15  pocket,  25.S  glats  filled 

Teflon,  inner  race  riding  cage. 

14.2 

10.2 

7 

5-3 

8.1 

Steady  state 

14.1 

9.6 

6-3 

5*1 

10.4 

Radial  load  peak  (above  1000  lb  for  31  sec) 

14.1 

9-7 

6.0 

4.4 

9.4 

Axial  load  tx’ei  (maintained  20  sec) 

14.1 

1 

10.1 

2.6 

1-3 

5-8 

Steady  state  data  prior  to  scheduled  shutdown. 

Bearings  inspected  and  in  excellent  condition. 

Work  Statement  objectives  met  for  31.250  rpm  A-50 
operation. 

Ball  bearing  set  K-5-H  balls,  440C  races  fully 
shrouded,  inner  race  riding,  25/»  glass  filled  Teflon 
cage.  Spherical  seat  roller  bearing,  ‘-UOC  rollers 
tnd  races,  Thin  line,  25/&  glass  filled  Teflon,  15 
pocket,  outer  race  riding  cage.  Roller  bearing 

installed  misaligned. 

13-7 

4 

4 

8 

Roller  bearing  cage  failure;  Ball  bearir^s  were  in 
excellent  condition. 

Summary  of  40,000  and  31.250  rpm  Bearing  Tests  in  AeroZINE  50 
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r 


u 


3 

>4 

fO 


Propellant  (A-50) 


Flow 


10.8 

8.2 


?.0 

8.0 


£.8 

8.8 

8.7 

8.2 


8.6 

8.1 


8.9 

8.9 


9-7 

9-5 

9.4 


■Use 


20.0 

18.1 


i7  : 

18.  b 


19.0 

19.0 

19.0 


- r 

Rise  of  Outer  Race  Teaperature 


Ball 

Bearing 

°F 


12.6 

20.0 


17-0 

13.0 


16.4 

18.4 

18.4 

14.4 


17-2 

38.1 


25.8 

30.3 


12.0 

17.0 

31.0 


Ball 

Bearing 

°F 


13- & 

19  0 


10.0 

14.0 


8.6 

14.6 

15.6 

13.6 


18.9 

39-5 


32.0 

35-7 


12.0 

19.0 

34.0 


Boiler 

Bearing 


15.0 

21.3 


18.4 

20.0 


18.4 

19.4 

22.4 

17.4 


18.4 

35.7 


21.5 

27.2 


15.0 

20.0 

29.0 


Renarks 


Ball  bearing  set,  K-5-H  tails,  k*0C  races,  fully 
shiv.Jed  inner  ra.-e  rid'^  25|t  glass-filled  Teflon  cage. 
Spherical  seat  roller  bearir^,  h-iOC  rollers  and  races, 
redesigned  thin  lue,  13  pocket,  outer  race  riding  cage. 
Roller  bearing  ino. ailed  aligned. 

Ste*  'y  Ste>. 

|  Steau/  state  prior  to  shutdown  due  to  loss  of  speed 
signs,..  Bearings  not  inspected. 

Retest  of  bearings  installed  prior  to  test  12 -a. 

Steady  state 

Steady  state  prior  to  shutdown  due  to  loss  of  speed 
signal.  Bearings  not  inspected. 

Retest  of  bearir ps  installed  prior  to  test  512  a. 

Steady  state 
Radial  load  peak 
Axial  load  peak 

Steady  state  prior  to  scheduled  shutdown. 

Bearings  inspected  and  reinstalled.  Holler  bearing 
installed  misaligned. 

Bearings  fro*  tests  12-a,  12 -b  and  13  reinstalled. 

Roller  bearing  installed  misaligned. 

Steady  state 

Steady  state  prior  to  shutdown  due  to  loss  of  speed 
signal.  Bearings  not  inspected. 

Retest  of  bearings  reinstalled  prior  to  test  014. 

Steady  state 

Steady  state  prior  to  scheduled  shutdown. 

Bearings  inspected.  Roller  bearing  met  Work  Statement 
requi  -ements  for  40,000  rp*  AeroZlN-  50  operation. 

Ball  trings  failed,  races  and  balls  overheated  and 
fat..,  d. 

Ball  wearing  set,  K-5-H  balls,  440C  races,  fully 
£>  rouded,  25%  glass  filled  Teflin,  inner  land  riding 
|l.  Ilf  led  with  radial  cutouts  on  guiding  surface. 

I  her leal  seat  roller  bearing,  440C  rollers  and  races. 
Thin  line,  13  roller,  25#  glass-filled  Teflon  cage, 
outer  race  riding.  Roller  bearing  installed  aligned. 

Steady  .’tate 

Axial  load  peak  (over  6000  lb  for  22  sec) 

Steady  state  prior  to  manual  shutdown  aue  to  high 
vibration  reading. 

Ball  bearings  failed,  races  and  balls  overheated 
and  fatigued  (both  bearings). 


Summary  of  40,000  and  31,250  rpm  Bearing  Tests  in  AeroZINE  50 

Figure  IV- 52,  Sheet  2  of  3 
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BOTES:  1  Duration  at  full  RB4 

2  Tine  from  turbine  start  to  data  point. 
108  series  bearings 

Axial  load  shared  by  tandem  bearing  set. 
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Propellant  (A-50) 

Plow 

am 

Teap  Rise 
°F 

14.8 

14.6 

— 

14 

- 

14 

- 

14.2 

14.0 

- 

14.0 

Rise  of  Outer  Race  Temperature 
5*01  Ball  Roller 

Bearing  Bearing  Bearing 


11.7 

11.7 

17.6 

14.3 

15.1 

22.6 

14.3 

12.6 

23.2 

Remarks 


Ball  bearing  set,  K-5-H  balls,  440C  races,  fully  shrouded 
2 glass  filled  Teflon  cage 6,  inner  race  riding  with 
radial  cuts  on  guiding  surface.  Spherical  seat  roller 
bearing  froei  test  16  , installed  aligned. 

Steady  state 

Steady  state  prior  to  shutdown  due  to  loss  of  speed  signal. 
Bearings  not  inspected. 

Retest  of  bearir^s  installed  prior  to  test  16. . 

Problems  with  speed  signal  equipment. 

Retest  of  bearings  installed  prior  to  test  16. 

Problems  with  speed  signal  equipment.. 

Retest  of  bearings  installed  prior  to  Test  16. 

Steady  state 

Axial  load  peak  (over  2500  lb  for  27  sec) 

Steady  state  prior  to  scheduled  shutdown. 

Bearings  inspected  and  in  excellent  condition.  Work 
Statement  objectives  met  for  40,000  rpm  AeroZINE  50 
operation  of  ball  bearings. 


Summary  of  40,000  and  31>250  rpm  Bearing  Tests  in  AeroZINE  50 

Figure  IV-52,  Sheet  3  of  3 
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Bearings — AeroZIME  50  Lubricated 
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Figure  IV -5k 
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Test  Data  Plot — 40,000  rpm  Lubricated  Br'a;  <3  Test  1.2-03 -WAW -006b 


IV-55 
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speed:  . »  . .  40,000  rpm 

DURATION: ....  735  tec,  12  min  15  tec 

mi  owm 

RAT  NOMWAL:  550 K*  708 mc. 

peak:  1070 be  27  tec 


ARES  ROLLER  BEARING  FROM  A-50  TESTS 
1.2- 03-WAW-0I2 . - 013,-014  a  -015 


»«0:  .  .....  .  40,000  RPM 

Duration:  .........  799 mc,  iZirtn,  38 Me 

LOAD  DURATION 

AXIAL,  NOMWAL:,  1700  Ike  728 tee 

PEAK:  2 700 Ike  27  tee 


ARES  TANDEM  BALL  SET  FROM  A-50  TEST  I.2-03-WAW-0I9C 


40,000  rpm  Posttest  Bearings — AeroZINE  50  Lubricated 


Figure  IV -56 
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OXIDIZER  IMPELLER  WITH 
HYDROSTATIC  FACE  SEALS 


OXIDIZER  PUMP  WITH 
DOVETAIL  PLASTIC  INSERT 
LABYRINTH  SEALS 


| 


OXIDIZER  IMPELLER  WITH 
HYDROSTATIC  JOURNAL  SEALS 


FUEL  PUMP  WITH  PRESSURE 
RELIEVED  PLASTIC  INSERT 
LABYRINTH  SEALS 
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Wear-Ring  Configurations  Selected  for  Propellant  Testing 


Figure  IV- 57 
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_  STRAIGHT  LABYRINTH  SEAL 

-  STEPPED  LABYRINTH  SEAL 

-  -  COMPARABLE  BUSHING  SEAL 


WEAR  RING  LABYRINTH  CLEARANCE 
INCH/1000 


Oxidizer -Pump  Efficiency  Loss  as  a  Function  of  Wear-Ring  Radial  Clearance 


Figure  IV -58 

UNCLASSIFIED 


«s«&  rteKi *&#& 


I 

I 

I 

I 


i 

1. 


!' 


T  ' 


l. 


i 

f 

i  - 

r 

■j 

£»* 

k 

i 

i 

I 


UNCLASSIFIED 


Report  IO83O -F-l,  Phase  I 


o  o 


QCL  OO 
=>  => 
2  O 
^  X 


OO 

LL. 

LU 


Ui 

a: 


LU 

cc 

Z3 

CO 

00 

LU 

QC 

a. 


Figure  IV- 59 
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PRESSURE  RELIEVED  INSERT  SHELL  REINFORCED  INSERT 


O 

ttOT  A  TV  iOi 


» »*T  OCO'COO'.J  'A 
ill? 


t'XJ  iOO '<r#  3 
23SVHV31D 


‘5  r— 
>« 
t  * 


U-1 

fT7T 


i  l  ! 

I  !  1 


w  2  -?  at  £:  x. 

'  u  *-  *-*  nH 

_  r  <  z  z  2  * 

tr2r-xOS  ’  i  2 
X  a:  O  0.  O  O  —  2.  h  °« 

ZOHZ>3,£ja.Oxfli 


z 

-c, 

< 

J 

z 

< 

6 

a. 

a: 

0 

* 

(A 

2 

*-. 

X 

1" 

2 

U 

U 

o 

U3 

-1 

Figure  IV -6o 


UNCLASSIFIED 


Design  Parameters  of  the  Hydrostatic  Face  Wear-Rii”?  Seal 
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Design  Parameters  of  the  Hydrostatic  Journal  Wear-Ring  Seal 


RADIAL  LOADING  CYLINDER 
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Figure  IV -62 
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Wear-Ring  Tester 
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Figure  IV -64 

UNCLASSIFIED 


SP-21  Labyrinth  Insert 


UNCLASSIFIED 


Report  10830-F-l,  Phase  I 


o  o  t  10  00 
o  *  to  o  01 

in  rvi 


o  o  00  10  a) 

o  o  m  o  o 

®t  oi  3  q  5 

to  IO  N  • 

IO 


“■  lit  2 
-  o  — 
-J  z  - 

<  <  m 
in  tt  ^ 

</)  Jj  Jt 

8  o  0 

o  ^  z 

Q  O 
CL  <  5 

<  (K  < 


S  _ 

'  Q_  CO 

0  n. 

n.  >  j 
ft;  5  ^ 
“■  O  < 
.  J  U1 

a  u.  w 

UJ 

UJ  v3  CO 

S  z  W 

w  £  g 


5  < 

5  Ul  DL 
to  ?  < 


AeroZUSE  50  Wear -Ring  Test  Summary -Kynar  and  Kel-F  Labyrinth  Inserts 
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Figure  IV -66 
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Water-Flow  Data  from  Nonrotating  and  Rotating  Straight -Labyrinth  Tests 
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TEST  DAT.A 
POINT 

NUMBER 

OF 

TEETH 

CAXIAL 

C  RADIAL 

L  P  (PSI) 

Q  (GPM) 

1 

5 

.  050 

.0055 

1179 

26.  5 

2 

5 

.  050 

.0055 

1276 

30.0 

3 

5 

.  050 

0055 

2388 

39.0 

4 

5 

.  050 

.  0097 

1185 

41.4 

c 

5 

.  050 

.  0097 

1273 

41.0 

6 

5 

.  050 

.  0097 

2352 

55.  2 

7 

3 

.  012 

.  0055 

2310 

35.  36 

8 

5 

.  022 

.  0097 

2269 

63.  65 

Stepped -Labyrinth  Water-Flow  Data 


Figure  IV -67 
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with  Estimated  Flows 


Posttest  Riotograph  of  Hydrostatic  Journal  Seal  and  Water-Test  Data 
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HYDROSTATIC  JOURNAL  SEAL  NONROTATING 
FLOW  AS  A  FUNCTION  OF  PRESSURE  DIFFERENTIAL 

o  TEST  DATA  POINTS  -  WATER  (0  RPM) 

— —  CALCULATED  DATA  (0  RPM) 

CURVE 

A  -  NO  DISTORTION  EFFECTS  C  =  .0025 


Water-Flow  Data  for  Hydrostatic  Journal  Seal  Correlated  with  Estimated  Flows 

Figure  IV -70 
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Figure  IV -71 
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Combustion  Concept  of  Seal  (u) 


Test 

Seal- 

Segment 

Type  and 
Serial  No. 

Propellant  Flow  lb /sec 

(Test  Flows  Extrapolated  to 
Representative  Full-Scale 

Seal  Flows) 

Segment 

MR 

Combustior 

at 

Segment 

Duration 

Sec 

Gas 

Flow 

_ 

TS1  — 
Seg. 

Fuel, 

A-50 

Oxidizer,  N2O4 

TS  1*** 

°F 

TS  2**** 

op 

_ 

TS  3 

oy 

Upstr. 

Downstr. 

24 

25 

26 

A-3,  #1 

It 

II 

- 

1.75 

0.89 

0.93 

3.50 

3.71 

2.22 

H 

273 

220 

246 

Ml 

■ 

15; 

15: 

20( 

27 

A-3*  #1 

0.093 

1.82 

2.96 

51.5 

n 

4o4 

145 

l6< 

28 

A-3,  #3 

0.218* 

0.064** 

1.78 

2.21 

Efilfl 

KEfl 

1 

200 

150 

19< 

29A 

A-3,  #3 

0.267* 

0.036** 

1.82 

2.07 

14.6* 

10.8** 

1.2* 

8.8** 

220 

145 

19C 

29B 

A-3,  #3 

0.268* 

0.054** 

1.82 

2.32 

15.4* 

76.6** 

m 

360 

170 

210 

30 

A-3,  #3 

0.303* 

0.089** 

1.71 

2.32 

13.3* 

45.3*' 

1.2* 

8.8** 

380 

170 

215 

•condition  after  preburner  start  before  increase  in  iuel  gap  resistance, 
••condition  after  fuel  gap  resistance  adjusted  to  a  higher  stable  level, 
•••maximum  reached  at  end  of  test  -  thermal  steady  state  not  reached, 
•••♦maximum  reached  during  thermal  steady  state. 
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Ga 

FI 

/ 

TS 

a  V*S2 

Preburner  Gas  Conditions 

Remarks 

1 - " 

PP 

^|^TS3 

[  Seg.  Temp 

— 

Press. , 
psia 

Tenp 

(A  v), 

“F 

Velocity 

ft/sec 

TS  l*** 

°F 

TS  2**** 

°F 

TS  }•*•• 

•F 

275 

220 

246 

122 

121 

160 

152 

151 

200 

1000 

995 

990 

1150 

1150 

1150 

300 

300 

300 

No  apparent  fuel  flow  at 
segment.  Thermal  expansion  closed 
fuel  slot.  Test  was  terminated 
before  all  purge  fluid  was  expelled. 

404 

145 

169 

995 

1150 

300 

Intermittent  fuel  flow 

200 

150 

190 

980 

1130 

300 

Reduction  in  fuel  flow  in  all  tests 
attributed  to  thermal  expansion 
closing  fuel  slot. 

220 

145 

190 

980 

1130 

300 

Segment  fired  and  visually  noted 
approx.  2.5  aec  prior  to  pre- 
burner  start.  Procedure  previous 
to  these  tests  was  to  lag  segment 
start  after  preburner.  pu«i  flow 
observed  to  decrease  as  soon  as 

pwaVtiMtam  f  mMpmrafiimm  KmnfmH  mmmamwf  ^ 

causing  slot  to  elose. 

360 

170 

210 

970 

1130 

300 

380 

170 

215 

970 

1150 

_ 

500 

2-D  Test  Summary- 
Figure  IV -7  5 
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2-D  Test  Dat — Test  030 
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Flow  Diagram,  Hot  Tests  (u) 


Figure  VI-18 
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Cold  Rotating  Test  Si 
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Figure  IV-79 
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Figure  IV -82,  Sheet  1  of  2 
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Hot  Testing  Test  Summary  (u) 


Posttest  Photograph  of  Seal  Test 


Seal  in  ARKS 
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Figure  IV -8 5 
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ARES  Purge  Seal  Flowrate  and  Temperature  Rise  vs  Viscosity 
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Figure  IV-90 
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Purge  Seal  Test  Data  (u) 
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Subject:  Secrecy  Order  Covering  Patent  Application  S/ll  65632? 

"Transpiration  Cooled  Devices"  by  Robert  J.  Kunz  et  al 
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Gentlemen: 

The  United  States  Patent  Office  recently  imposed  a  Secrecy  Order  upon 
the  subject  application.  We  have  been  informed  that  you  have  received 
information  relating  to  the  subject  matter  of  this  invention,  and 
therefore  we  must  advise  you  of  your  responsibilities  concerning  this 
information. 

By  terms  of  the  Secrecy  Order  you  are  prohibited  from  disclosing  or 
publishing  the  subject  matter  of  this  invention  or  any  information 
relating  thereto,  in  any  way  to  any  person  not  previously  cognizant 
of  the  invention  except  by  first  obtaining  written  consent  of  the 
Commissioner  of  Patents.  The  Secrecy  Order  has  been  modified  by  a 
Permit  whicn  permits  disclosure  under  certain  conditions  to  Govern¬ 
ment  employees,  theii  designees,  or  persons  employed  by  or  working 
with  Aerojet  whose  duties  involve  development,  manufacture,  or  use 
of  the  subject  matter  of  this  patent  application,  by  or  tor  the  U.  S. 
Government,  provided  such  persons  are  also  advised  of  the  Secrecy 
Order. 

Enclosed  is  a  copy  of  a  United  States  Patent  Office  Secrecy  Order 
Notice.  A  copy  of  this  notice  should  be  affixed  to  the  cover  page 
of  Contract  AF  04(6ll)-10830,  Pinal  Report,  Phase  I,  In  your 
possession  which  ralates  to  the  transpiration  cooled  devices  in  the 
subject  patent  application.  Although  there  are  no  express  handling 
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provisions  provided  with  regard  to  Material  under  a  Patent  Office  Secrecy 
Order,  we  ask  that  you  safeguard  It  In  the  same  Banner  as  Information 
classified  "confidential . "  If  you  are  not  equipped  to  provide  such 
safeguards,  please  return  the  publication  to  us,  double  -wrapped  similar 
to  classified  information. 

Your  cooperation  Is  fulfilling  the  obligation  Imposed  by  the  Secrecy 
Order  is  essential.  The  law,  35  DSC  186,  provides  criminal  penalties 
for  violation  of  a  Secrecy  Order  up  to  a  $10,000  fine  or  Imprisonment 
far  not  mare  than  two  years,  or  both. 


Very  truly  yours, 
AEROJET-COIERAL  CORPORAHOH 
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L.  VifM 
Manageivof  Contracts 
Liquid  Rocket  Operations 
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United  States  Patent  Office  Secrecy  Order 


- NOTICE - 

The  Aerojet-General  Corporation  has  filed  patent  applications  in  the  U.  S.  Patent  Office  to 
cover  inventions  disclosed  in  this  publication,  and  the  Commissioner  of  Patents  has  issued  a 
secrecy  order  thereon. 

Compliance  with  the  provisions  of  this  secrecy  order  requires  that  those  who  receive  a 
disclosure  of  the  secret  subject  matter  be  informed  of  the  existence  of  the  secrecy  order  and  of 
the  penalties  for  the  violation  :hereof. 

The  recipient  of  this  report  is  accordingly  advised  that  this  publication  includes  information 
which  is  nov  under  a  secrecy  order.  It  is  requested  that  he  notify  all  persons  who  will  have  access 
to  this  material  of  the  secrecy  order.  , 

Each  secrecy  order  provides  that  any  person  who  has  received  a  disclosure  of  the  subject 
matter  covered  by  the  secrecy  order  is 

“in  nowise  to  publish  or  disclose  the  invention  or  any  material  information 
with  respect  thereto,  including  hitherto  unpub'ished  details  of  the  sub|ect 
matter  of  said  application,  in  any  way  to  any  person  not  cognizant  of  the 
invention  prior  to  the  date  of  the  order,  including  any  employee  of  the  prin¬ 
cipals,  but  to  keep  the  same  secret  except  by  written  permission  first  obtained 
of  the  Commissioner  of  Patents." 

Although  the  original  secrecy  order  forbids  disclosure  of  the  material  to  persons  not  cognizant 
of  the  invention  prior  to  the  date  of  the  order,  a  supplemental  permit  attached  to  each  order  does 
permit  such  disclosure  to:. 

“(a)  Any  officer  or  employee  of  any  department,  independent  agency,  or  bureau 
of  the  Government  of  the  United  States. 

“(b)  Any  person  designated  specifically  by  the  head  of  any  department  inde- 
*  pendent  agency  or  bureau  of  the  Go*  eminent  of  the  United  States,  or  by 
his  duly  authorized  subordinate,  as  a  proper  individual  to  receive  the 
disclosure  of  the  above  indicated  application  for  use  in  the  prosecution 
of  the  war. 

"The  principals  under  the  secrecy  are  further  authorized  to  disclose  the 
subject  matter  of  this  application  to  the  minimum  necessary  number  of  persons 
of  known  loyalty  and  discretion,  employed  by  or  working  with  t»e  principals 
or  their  licensees  and  whose  duties  involve  cooperation  in  the  development, 
manufacture  or  use  of  the  subject  matter  by  or  for  the  Government  of  the 
United  States,  provided  such  persons  are  advised  of  the  issuance  of  the 
secrecy  order." 

No  other  disclosures  are  authorized,  without  written  permission  from  the  Commissioner  of 
Patents.  Public  .Law  No.  2)9,  77th  Congress,  provides  that  whoever  shall  "willfully  publish  or 
disclose  or  authorize  or  cause  to  be  pub'ished  or  disclosed  such  invention,  or  any  material 
information  with  respect  thereto,”  which  is  under  a  secrecy  order,  “shall,  upon  conviction,  be 
fined  not  more  than  $10,000  or  imprisoned  for  not  more  than  two  years  or  both."  In  addition, 
Public  Law  No.  700.  76th  Congress,  provides  that  t'  ■-  invention  in  a  patent  may  be  held  aban- 
dor.-d,  if  it  be  established  that  there  has  been  a  disclosure  in  violation  of  the  secrecy  order. 

It  must  be  understood  that  the  requirements  of  the  secrecy  order  of  the  Commissioner  of 
detenu  are  in  addition  to  the  usual  security  regulations  which  are  in  force  with  respect  to 
activities  of  the  Aeroiet-General  Corporation.  T  -  usual  security  reputations  must  still  be 
observed  notwithstanding  anything  set  forth  in  the  screcy  order  of  the  Commissioner  of  Patenu. 


